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Preface 


‘The purpose of this book is to provide an understanding of the operation 
of diodes and transistors, their technology, and their application in cir- 
cuits. We believe that students seeking a knowledge of semicon- 
ductors will find herein a useful introduction to the subject, and that the 
book will offer a firm background of fundamentals to engineers and 
others engaged in the field of electronics. It is assumed that the reader 
will have familiarity with elementary physics and vacuum tube 
electronics. 

The first four chapters are primarily concerned with the physics of 
diodes and transistors whereas Chapters 5 and 6 deal with the tech- 
nology, construction, and manufacture. Grown and alloy junction semi- 
conductors are discussed as well as the electrochemical, diffused, and 
epitaxial types. 

Chapters 7 through 11 treat the transistor as a circuit element. The 
hybrid equivalent circuit and its parameters are derived on the basis of 
the four-terminal network. The development then proceeds with a de- 
(nailed treatment of biasing, stability factor, and graphical analysis. 
After a discussion of amplifiers and negative feedback, the oscillator is 
analyzed as an amplifier with positive feedback and made to satisfy the 
Barkhausen criterion. Relaxation oscillators are also discussed. 

Chapter 12, introducing digital applications of transistors and diodes, 
includes an introduction to binary arithmetic. The basic building blocks 
of & computer are analyzed, and examples of diode-transistor logic 
(D'T'L) and not-or (NOR) logic are given. 


vii 





viii Preface 


Chapter 13 is devoted to tunnel diodes. In addition to a broad cover- 
age of applications, a qualitative introduction to Fermi levels and tun- 
neling, on a physical basis, is given. Mastery of this background mate- 
rial is necessary for a true understanding of tunnel diodes. 

The concluding chapter presents a basic discussion of diode and tran- 
sistor measurement. Here, methods are developed for obtaining static 
and dynamic characteristics of these devices using meters or scopes. 

We have designed the numerous illustrative examples to ensure un- 
derstanding. Questions at the end of each chapter test the reader’s 
knowledge of fundamental ideas and motivate him to further study. 
The problems, on the whole, are thought provoking, and not merely 
substitution exercises. In this connection the student is asked to derive 
some of the equations presented, using derivations which, while not 
difficult mathematically, demand a clear understanding of the material. 

We wish to acknowledge the aid and cooperation of Oscar Fisch and 
Stephen E. Lipsky, and we are grateful to Bernard Reich for his help in 
preparing Chapter 14. Our special thanks are extended to Fairchild 
Transistor, General Electric, Motorola, Phileo, Radio Corporation of 
America, Semiconductor Products, Transitron, and Tung-Sol for the use 
of illustrative material. 

A. H. SprmmMan 
8S. L. MarsHai 


June, 1963 
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Chapter 1 


Basic Semiconductor Physics 


The purpose of this chapter is to review the modern concepts of the atom 
and introduce pertinent terms and definitions which relate physical 
theory and semiconductor operation. The first part presents a simplified 
picture of the atom; the latter half offers a more detailed and quantitative 
discussion. The presentation is twofold. First, it follows the peda- 
gogical principle involving a simple to complex approach. Second, it 
provides a truer picture of the actual physical makeup of the atom as it 
is understood today. 


The Simple Atom 


The materials that make up our universe are composed of combina- 
tions of over one hundred basic and individual types of matter called 
elements. Ninety-two of these elements occur naturally and the re- 
mainder are man-made. Each element has a separate identity of its 
own; that is, no two elements have the same physical and chemical prop- 
orties; nor can an element be subdivided by ordinary physical and chemi- 
cal means into simpler elements. Examples of elements are gold, mer- 
cury, and oxygen. 

slements contain smaller particles called atoms. In any one element 
the atoms are identical in structure. The difference between any two 
elements such as gold and mercury is in their atomic structures. They 
have in common, however, a relatively heavy inner core called a nucleus 
surrounded by one or more extremely light particles of matter called 
electrons (igs, 1.1 to 1.3). The simplest nucleus is a mass of matter 
about 2000 times the weight of an electron, and is called a proton. More 
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Neutrons 
Electron 
Protons 
Nucleus 
(proton) 
Electron 
Fig. 1.1. Simplest atomic Fig. 1.2. Atomic structure 
structure consisting of a pro- containing neutrons, protons, 
ton and an electron (hy- and two revolving electrons 
drogen). (helium). 





Fig. 1 .3. Diagram illustrating what is meant by outer ring. Notice that last orbit 
contains a 3-electron outer ring structure. The element is aluminum. 


complex nuclei (Fig. 1.2) contain various combinations of protons and 
neutrons. A neutron is a proton combined with an electron and is elec- 
trically neutral. 

Electrons whirl around nuclei in much the same manner that the 
planets of our solar system travel around the sun. The difference be- 
tween an atom of one element and that of another is in the number of 
electrons whirling around the nucleus, and the number of protons and 
neutrons contained in the nucleus. All the elements in the universe, and 
therefore all matter, is composed of protons, neutrons, and electrons. 

There must be a force of attraction between a nucleus and the electrons 
surrounding it; otherwise the electrons would fly off into space. In order 
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to understand its nature, we find it helpful to call this force a charge. 
The charge of the nucleus is defined as positive, and the opposite charge 
of the electron, negative. In view of the fact that opposites attract, the 
force between the nucleus and the rotating electron around it prevents 
the electron from flying off into space. 

An atom which has all of its orbital (rotating) electrons has as many 
positive charges; therefore the net charge is zero. When an atom loses 
an electron the balance of charges is disturbed and the atom becomes 
positively charged. In this condition, the atom is called a posttive ion. 
In comparison, when an atom acquires an electron, the balance of charges 
is again disturbed, and the atom becomes negatively charged. Such an 
atom is referred to as a negative ion. 

Structure of the Atom. Atoms, like the solar system, may contain one 
or more orbits. Some lightweight atoms such as hydrogen and helium 
have only one orbit. Other atoms such as radium and uranium, which 
are very heavy, have as many as seven orbits, which is the maximum 
number found so far. We often refer to an orbit as a ring, and the outer- 
most or farthest orbit as the outer ring (Fig. 1.3). 

In our study of atomic structures we observe that as we proceed from 
lighter to heavier atoms each succeeding atom has an additional positive 
charge contained in its nucleus and therefore an additional electron in 
its outer ring (to keep the charges balanced). In the lighter atoms na- 
ture seems to have provided a first or inner orbit with a maximum of two 
electrons. Heavier atoms contain a second orbit with 1 to 8 electrons, 
as the weight increases. Next to the 8-electron atom in weight is an 
atom containing an outer ring of only one electron again, but with a 
heavier nucleus. With each succeeding heavier atom, an additional 
electron is added to the outer orbit until the maximum number of 
electrons in the ring again becomes 8, and in some cases 18; and so the 
process repeats itself until the heaviest atom is reached. 

The outer-ring structure of an atom determines the manner in which 
it reacts with other atoms. However, there is a particular significance 
associated with 8-electron outer-ring structures. In the first place, atoms 
in which these structures exist are extremely stable and seldom combine 
with other atoms. Second, there is a constant effort on the part of other 
atoms, that is those with less than 8 outer-ring electrons, to attain an 
S-olectron outer-ring structure. This fact is of great importance in our 
understanding of the properties and structure of matter. Another group 
of stable atomic structures is the 4-electron outer-ring atom. Atoms 
in this group are linked to each other in such a way as to provide a struc- 
ture similar to an 8-electron atom. These atoms will be discussed in 
greater detail shortly. 
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Any substance which allows electrons to flow freely through its struc- 
ture is called a conductor. In general, metals are good conductors. A 
definite relationship exists between good conductors and their atomic 
structures. In good conductors, the outer-ring electrons, which are also 
called valence electrons, may be released from their orbits with relative 
ease. Atoms with 1, 2, and 3 outer-ring electrons, and therefore most 
metals, are good conductors. 

Substances which prevent the passage of electrons through their struc- 
tures are called insulators. Insulators have very few easily removed 
electrons in their outer rings. There are no perfect insulators; first, be- 
cause of the presence of impurities (foreign materials) which can never 
be entirely removed; and second, because even a small amount of heat 
will cause a certain number of valence electrons to be freed from their 
atoms. 

Insulators generally have very stable atomic structures of which the 
4-electron outer-ring structure is typical. In such a structure, there is an 
absence of easily removed electrons. Examples of good insulators are 
certain compounds of carbon (a basic ingredient of rubber) and diamond, 
which has a similar atomic structure. 

Semiconductors are a group of materials which conduct electrons poorly 
and therefore cannot properly be classified either as conductors or in- 
sulators. Generally, semiconductors differ from insulators in that their 
outer-ring electrons can detach themselves from their orbits more easily 
than in insulators. Typical semiconductor materials are germanium 
and silicon. 

Impurities may be added to pure semiconductors. This results in 
semiconductor materials which may either have an excess of free elec- 
trons or a deficiency of orbital electrons. When an excess of electrons is 
present, we call the material n-type; when a lack of orbital electrons oc- 
curs, we call the material p-type. Both n-type and p-type semiconduc- 
tors are made by treating materials such as germanium and silicon with 
impurities such as arsenic and indium. The addition of impurities to 
semiconductors is called doping. 


n- and p-Type Semiconductor Materials 


It has been mentioned previously that all atoms tend to favor an 8- 
electron outer-ring structure. This is the principle that binds together 
the atoms of certain materials like germanium and silicon even though 
they have 4-electron structures. In these materials, each atom shares its 
4-valence electrons with a valence electron from each of four adjacent 
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GERMANIUM ATOMS 





Fig. 1.4. How the atoms in pure germanium are linked to each other by their outer 
ring electrons. K is the center atom. L, M, N, and O are the surrounding atoms. 
The electrons for each atom are indicated as ez, em, en, €0, etc. Only the center atom 
K is shown with all four of its electrons. 


atoms to form a structure like the one shown in Fig. 1.4. Thus, atom K 
shares individual valence electrons ex with each of the valence electrons 
of atoms L, M, N, and O. 

This arrangement provides a structure in which 8 outer-ring electrons 
are located around each atom, each electron being “shared”’ by two 
atoms. ‘Sharing’ is one of nature’s methods of building up and holding 
together many atomic structures. Each electron shared by two atoms 
forms a bond between these atoms. Because 2 valence electrons are in- 
volved between each atom, they are called covalent bonds. 

n-Type Semiconductors. When an atom P, such as in Fig. 1.5, with 5- 
valence electrons (a pentavalent element) enters in the region of atoms 
with 4-valence electrons (a tetravalent element), a unique exchange of 
electrons takes place. Identifying the 5-valence atom as arsenic, and 
the 4-valence atom as germanium, we find that the arsenic atom positions 
itself with respect to the germanium atoms in the manner shown in Fig. 
1.5. Sharing of valence electrons now takes place. However, there re- 
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L,M,N, and O are 
Germanium 
atoms 


Free arsenic 


electron 





Fig. 1.5. When an arsenic atom P displaces a germanium atom K (see Fig. 1.4) a 
free electron results, producing an n-type semiconductor material. 


sults an excess of one arsenic electron in the overall ideal structure of 8 
outer-ring electrons. This electron may be easily detached from the 
atom by heat or some other means such as the presence of an electric 
field. Once torn away from its atom, the electron becomes a free electron 
and as such makes the material in which it is present negatively charged. 
Such material is called “n-type.” A pentavalent impurity is called a 
donor, because it contributes a free electron to the atomic structure. 

Viewing the entire bulk of the material, we find that the net charge 
in the material remains the same. Although the arsenic atom itself has 
lost an electron, it has acquired a positive charge; thus the net charge re- 
mains zero. A redistribution of charges has taken place in that positive 
charges are now present on each of the arsenic atoms, as are an equal 
number of free electrons within the material. 

p-Type Semiconductors. When an element with a 3-electron outer 
ring (a trivalent element), such as indium, is dissolved into germanium 
the action is as follows: First, an indium atom positions itself with 
respect to four of the germanium atoms (L, M, N, and O) in the manner 
shown in Fig. 1.6. Second, the indium atom shares its 3 valence elec- 
trons with only three (L, N, and O) of the four surrounding germanium 
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atoms. But this leaves one of the electrons of the germanium atom M 
without a partner or a bond, and results in an electron deficiency or hole. 
In order to maintain the 8-electron outer-ring structure around atom M, 
an electron from a neighboring atom will jump into the.incomplete bond, 
thus satisfying the 8 outer-ring electron requirement. The neighboring 
atom is now said to have a hole. A chain reaction is thus set up through- 
out the material, each atom with a hole robbing its neighboring atom of 
an electron. This chain reaction represents a “hole flow.’”? Such ma- 
terial is called p-type. A trivalent impurity is called an acceptor because 
it accepts electrons, which is in contrast with an impurity atom which 
gives up an electron. 

At this point, we might summarize the mechanism taking place in 
p-type materials. First, free holes are generated. Second, these holes 
are equivalent to positive charges. Thus holes are analogous to free elec- 
trons, their charge being positive instead of negative. When an atom 
with a hole steals an electron from its neighbor, the atom becomes nega- 





yquo 
u0}99]4 





Nig. 1.6. When an indium atom Q displaces a germanium atom K (see Fig. 1.4) the 
electron orbit of the germanium atom M is left with an electron vacancy, or hole. 
The electric charge of this hole is positive, thus producing a p-type semiconductor 
material, 
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tively charged. But a hole or positive charge is left in the neighboring 
atom. The net charge in the bulk of the material, therefore, remains zero. 
However, the free holes or positive charges in the material set in motion 
by acceptor atoms redistribute the charges and make the material p-type. 


Detailed Picture of an Atom 


In the previous sections we have developed a rather oversimpli- 
fied picture of the structure of an atom in order to provide the reader with 
some of the basic concepts and terms associated with its structure. We 
have also directed our discussion of the atom in an attempt to explain 
the differences between conductors, insulators, and semiconductors. In 
order to get a more quantitative “feel’’ for semiconductor action, we will 
need a somewhat deeper background in atomic theory. To this end we 
take a second view, this time dwelling on certain modern atomic aspects 
related to semiconductor theory. 

One of the earliest proponents of the granular nature of matter was 
the Greek philosopher Democritus. As early as 400 B.c. he proposed the 
theory that all matter was made of tiny individualized particles called 
atoms. This theory was successfully applied by Dalton in the early 
nineteenth century in explaining chemical compound formation. 

One of the modern “internal-view’’ concepts of the atom pictures it 
as a system with a relatively heavy nucleus having a positive charge 
and an approximate diameter of 10~* angstrom (1 angstrom = 107” 
meter) and surrounded by rotating electrons (negative charged particles). 
The approximate diameter of the orbit of a rotating electron is 1 ang- 
strom (A). Thus the picture is analogous to our solar system, with the 
nucleus corresponding to the sun. This concept of the atom was ad- 
vanced by Rutherford in 1911. 

Rutherford’s picture of the atom had one serious failing; it did not 
explain why the orbital electrons did not fall into the nucleus. Rotating 
electrons should give up their energy and eventually fall into the nucleus. 
Before we can explain this paradox we have to introduce a new concept, 
that of the photon. This concept was first proposed by Planck in 1901 in 
order to explain radiation of electromagnetic energy from a perfect 
radiator (black body). The only theory which could explain the observed 
energy of this radiation was one in which light energy consists of small 
discrete packets or quanta of energy. These packets are called photons. 
The relationship between the energy of a photon and the frequency of 
radiation is as follows: 

E = hf = he/d (1.1) 
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where / = energy in joules 
h = Planck’s constant, 6.6 X 10—*4 joule-sec 
f = frequency of the electromagnetic radiation in cps 
c = speed of light, 3 X 10° meters/sec 
\ = wavelength of the radiated wave in meters 


EXAMPLE 1.1. The energy contained in a photon of infrared light of 
1000 A is 


maa 6.6 X 10734 x 3 x 108 


= 19; 
10? < 10-9 19.8 X 10~*” joule 


A convenient and useful energy unit is the electron-volt (ev). This unit 
is defined as the energy required to move an electron (which has a charge 
of 1.6 X 107! coulomb) through a potential difference of one volt. By 
equating units it can be shown that 


lev = 1.6 X 107 joule (1.2) 


EXAMPLE 1.2, Convert the answer of Example 1.1 from joules to electron 
volts: 
lev 


ee sa eee 
1.6 X 10 joyfe 3 


E = 19.8 x 10-19 joytle x 


The Bohr Atom 


According to classical concepts, a rotating electron of an atom should 
continuously radiate electromagnetic energy. However, radiation is 
accompanied by a loss of energy and, eventually, in such an atom, the 
electron would fall into its nucleus. Clearly, this is not the case in ob- 
served phenomena. Matter does not destroy itself! This conflict was 
resolved in 1913 by Bohr with his quantum concept of the atom. 

Bohr proposed a picture of the hydrogen atom in which its rotating 
electron can only be in certain defined or permissible orbits. Figure 1.7 
shows the energy levels of these permissible orbits. He also conceived 
the idea that when an electron is in a particular permissible orbit, it 
cannot radiate energy. Furthermore, an electron can go only from one 
permissible orbit to another, and not in between. When it goes from a 
lower energy orbit to a higher one, it absorbs energy. Conversely, when 
it goes from a higher energy orbit to a lower, it emits radiation. Signif- 
icantly, the quantity of energy it can absorb or emit is an integral mul- 
tiple of a photon, From Eq. 1.1, the wavelength emitted in angstroms 
for a change of energy level, AZ in electron volts, is 


\ = 12,400/AK A (1.3) 
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Energy level ,ev 





Fig. 1.7. Energy level diagram for a hydrogen atom. 


In summary, the levels for a hydrogen atom shown in Fig. 1.7 are per- 
missible energy levels, that is, an electron may be found in any one of 
these levels, and not in between. If an electron acquires energy to bring 
it to a higher level, that energy must be equal to the difference of the two 
energy levels involved. Similarly, if it loses energy to bring it to a lower 
level, that energy must be equal again to the difference of the two energy 
levels. No radiation occurs when an electron is in its orbit. 

Referring again to Fig. 1.7, energy level n = 1, the so-called ground 
state of the hydrogen atom, is the lowest energy level an electron can 
have. At this level a maximum force exists between the nucleus and the 
electron. This energy level corresponds to —13.6 ev. The next permis- 
sible energy level (2) corresponds to —3.4 ev. To bring an electron 
from energy level 1 to energy level 2 requires absorption of a photon 
with exactly 10.2 ev of energy or a bombarding particle, such as an elec- 
tron, with at least 10.2 ev of energy. 

If a photon or a particle with at least 13.6 ev of energy strikes the 
atom, the electron at energy level n = 1 will attain an energy level of 
13.6 — 13.6 = 0 ev. In this state (n = ©), the electron is freed from 
the atom, and the latter is said to be zonized. 


More Complicated Atoms and Energy Bands 


Other atoms are more complicated than hydrogen, and their permis- 
sible energy levels, or states, are subject to greater variations of internal 
atomic forces. However, certain basic principles are. common to all 
atoms. They are as follows: 
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1. Electrons are in a continuous state of motion brought on by various 
electric, magnetic, and kinetic forces in an atom so that their position 
may sometimes be represented by an electron cloud. 

2. In a crystal containing millions of atoms, the energy levels previ- 
ously discussed are blended into discrete energy bands. 

3. The outer or valence electrons are associated with certain energy 
levels. These levels blend into a so-called valence band. In this band the 
electron is bound to the atom and cannot serve as a carrier of current. 
In order for the electron in the valence band to become a carrier of current 
it must be set free. In its free state it is said to exist in the conduction 
band and there can serve as a carrier of current. Each element requires 
a definite minimum required energy to go from the valence band to the 
conduction band. This minimum is called the energy gap. Typical 
energy gap values are silicon, 1.1 ev; germanium, 0.7 ev. 


The difference in conductors, insulators, and semiconductors can now 
be explained in an elegant and direct manner. Referring to Fig. 1.8, 
the energy diagram of (a) an insulator, (b) a semiconductor, and (c) a 
conductor are shown. The difference between these substances is in 
the magnitudes of their energy gaps. In (a), the energy gap of an in- 
sulator, such as a pure diamond, is about 7 ev. The value of 7 ev repre- 
sents a tremendous energy gap to overcome by ordinary means. Thus 
this substance behaves as an insulator. On the other hand, the energy 
gap of a semiconductor (6) of 0.7 or 1.1 ev represents an energy level that 
can be overcome by ordinary forms of energy, such as light and heat. 
In this material, conduction of current can take place. In (c), a conduc- 


Overlapping of valence 
and conduction band 


Conduction band 


AFo<AE, 






Conduction band 

















Energy ———> 


Conduction band 
\ 





Energy ——> 





(Energy gap) 





Valence band 





Valence band 


(a) Insulator (b) Semiconductor (c) Conductor 


Wig. 1.8. A comparison of insulators, semiconductors, and conductors based on 
energy gaps of these materials, 
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tor exhibits no defined energy gap, that is, the valence and conduction 
bands overlap. This means that conduction electrons are always ready 
to serve as carriers of current, as in a piece of copper wire. 


Duality of Nature 


In modern physics, a particle-wave duality picture of nature prevails. 
As indicated in the previous discussions, an atom can be thought of as a 
nucleus surrounded by discrete rotating electrons or by an electron 
cloud. The first point of view is the particle picture of nature; the latter 
is related to the wave concept of nature. 

Each picture can be employed to explain and predict natural phe- 
nomena. The choice rests with the physicist; the view which predicts 
and explains physical events most accurately is used. Whether this 
duality of nature will ever be resolved into a consistent picture of the 
universe in terms of either particles or waves awaits further exploration 
of the atomic structure. 


Summary 


Comparing the processes involved in creating n- and p-type germa- 
nium, we may summarize them by stating that: 


1. In n-type germanium (or silicon) the donor is a pentavalent sub- 
stance, such as arsenic, and leaves a number of free negative charges 
available for conduction. 

2. In p-type germanium (or silicon) the acceptor is a trivalent sub- 
stance, such as indium, and leaves a number of holes or equivalent posi- 
tive charges available for conduction. A hole is equivalent to a charge 
equal in mass and opposite in polarity to that of an electron. Materials 
used in the manufacture of diodes and transistors are n- and p-type 
germanium and silicon. 


The modern picture of the atom can be viewed as a nucleus surrounded 
by rotating electrons (the particle picture) or as a nucleus enveloped in 
an electron cloud (the wave picture). For an elementary study of semi- 
conductors, the particle picture of the atom is most fruitful in explaining 
diode and transistor action. 
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Problems 


1.1 Discuss the basic particles of an atom with respect to their charge 
and relative mass. 

1.2 What is meant by a valence electron? 

1.3. What is meant by an ionized atom? 

14 The following elements and their valences are listed. Separate 
them according to whether they are p- or n-type impurities. Boron (3); 
phosphorus (5); nitrogen (5); indium (3); arsenic (5); aluminum (3); 
antimony (5). 

1.5 How many nuclei can fit across the diameter of a hydrogen atom? 
From your result, would you consider the atom as being made up of 
mostly matter or of empty space? 

1.6 Verify the units of Eq. 1.3. 

1.7 If it takes 10.2 ev to raise an electron in the hydrogen atom from 
the ground state to energy level 2, what is the required frequency of the 
impinging photon? 

1.8 A photon has an energy of 30 ev. What is its wavelength? Ex- 
press your answer in both meters and angstroms. 

1.9 The energy gap of silicon is 1.1 ev; of germanium, 0.7 ev. Which 
is more sensitive to heat? Why? 

1.10 Photons with the following energies are available: 9.9 ev; 10.2 
ev; and 10.22 ev. Which will excite an hydrogen atom? Why? 





Chapter 2 


p-n Junction Action 


A pure (or intrinsic) crystal of germanium or silicon is one in which no 
impurity atoms are present. At a temperature of absolute zero (—273°C 
or 0°K) a pure crystal of germanium contains no free electrons or holes, 
and therefore is a nonconductor. At room temperature (27°C or 300°K) 
the heat imparted to the crystal liberates some electrons from their 
electron-pair bonds, leaving holes in the vacated atoms. Thus, as an 
electron is freed, a hole is generated, giving rise to electron-hole pairs. 
Other forms of energy, such as light, will also result in electron-hole pairs. 


Intrinsic Conductivity 


Equal numbers of electrons and holes are freed in the manner described 
above. These charges, sometimes called carriers, move about with ran- 
dom motions except when subjected to an electric field. Such a field 
may be set up by connecting a battery across the opposite ends of the 
crystal. Under these conditions the hole flow in the semiconductor is 
toward the negative terminal and the electron flow toward the positive 
terminal. 

The presence of electron and hole carriers enables a semiconductor to 
conduct electricity. The conductivity of a pure semiconductor acquired 
as a result of heat energy (or any other disturbance that frees electrons 
and generates holes) is called intrinsic conductivity. 

The manner in which holes and electrons produce a current flow in the 
external circuit of an intrinsic semiconductor connected across a battery 
is shown in Fig, 2.1. Equal numbers of free electron and hole carriers 
are produced in the material by the action of heat, as explained previ- 


14 
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Hole motion 


Hole 3 Hole 2 Hole 1 
1 
e ! eg e2 y e1 
Meo ee” \ aa. Pam, 
+ + + 


De 1s By. ® 


Electron motion 





Fig. 2.1. Hole motion sets up an equivalent electron flow in the opposite direction. 


ously. The electron carriers are directed towards the positive terminal 
because of the electric field set up by the battery connected across the 
semiconductor material. This action is shown in Fig. 2.1. Here we see a 
freed electron e; from atom 1 about to enter the external circuit. In do- 
ing so it leaves a hole in atom 1 which attracts electron e, from atom 2. 
This again leaves a hole in atom 2 which steals electron e3 from atom 3. 
A hole is now left in atom 3 which is in a position to absorb an electron 
from the battery. Thus, for every electron leaving the right side of the 
material, a corresponding electron returns to the left side. 

Just as free electrons are made to flow by the action of the external 
battery, holes also flow, but in the opposite direction. In Fig. 2.1, we 
again start with atom 1, in which we assume that a hole (hole 1) has been 
generated by heat or some other form of energy. This hole now steals 
electron eg from atom 2, leaving hole 2 there. Now hole 2 steals an elec- 
tron e; from atom 3, leaving behind hole 3. Notice that in the overall 
process the hole motion is from left to right and electron motion from 
right to left. Thus current flow in an intrinsic semiconductor is com- 
posed of two carriers, electrons and holes. Because hole motion in one 
direction is equivalent to an electron flow in the opposite direction, a net 
current in one direction results which is equal to the sum of the carriers. 


Number of Intrinsic Carriers 


Our previous discussion has been qualitative. We will now present 
& quantitative expression for the number of carriers in an intrinsic semi- 
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conductor. This expression provides a predictable property of semi- 
conductors which will be useful in understanding diode and transistor 
action. Other such relationships will be developed in this and in subse- 
quent chapters. 

The number of electrons (and holes) produced in an intrinsic semicon- 
ductor by heat, light, etc., is expressed by the following equation: 


np = AT3¢—11,600E,/T (2.1) 


where n = number of electrons per cubic centimeter 
p = number of holes per cubic centimeter 
e = 2.718 
E, = energy gap, electron volts 
T = absolute temperature, °K(°K = 273 + °C) 
A = constant 


For silicon at room temperature (300°K), the density of carriers is 
1.6 X 10!°/em?; and for germanium, 2.5 X 10'3/em?. The difference in 
carrier density for the two materials is due to the difference in their 


energy gaps. 


Carrier Mobility 


Another important property of a semiconductor is its carrier mobility. 
Carrier mobility is a measure of freedom an electron or hole has in mov- 
ing about in the presence of an electric field. 

Electrons and holes in a semiconductor travel with random speeds 
which result in many collisions with one another. If a voltage is applied 
between both ends of a semiconductor, an electric field # is set up which 
imparts to the carriers a so-called drift velocity, Vg. This is expressed as 
follows: 

Va = wE (2.2) 


where » = carrier mobility of an electron or hole, in em?/(volt-sec) 
E = the applied electric field, volts/em 
Va = drift velocity, cm/sec 


The carrier mobilities of germanium and silicon at 300°K are listed in 
Table 2.1. 
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Table 2.1. Carrier mobilities * for 
Ge and Si at 300°K 


Germanium Silicon 
Electrons 3600 1500 


Holes 1700 500 


* Mobilities in cm?/(volt-sec). 


Intrinsic Conductivity 


One of the fundamental quantities of a semiconductor is its conduc- 
tivity, o (or its reciprocal, resistivity, p = 1/c). A quantitative expres- 
sion for conductivity is 

ae e(Pup + nun) (2.3) 


where n = electron density 
p = hole density 


Hn = electron mobility 
Hp = hole mobility 
e = charge of an electron, 1.6 X 107!° coulomb 


conductivity, mhos/cm 


For an intrinsic semiconductor, n = p = n;. Therefore, Eq. 2.3 re- 
duces to the following: 
oj = eNi(Mp + Un) (2.4) 


where o; = intrinsic conductivity, mhos/em 


n; = density of holes and electrons per cm? 


WXAMPLE 2.1. Determine the conductivity and resistivity of pure 
germanium at room temperature (300°K). 
Solution. n; = 2.5 X 10'° electrons and holes per cubic centimeter. 


l'rom Table 2.1, 4, = 3600 and », = 1700. Substituting in Eq. 2.4, 
we obtain 


o; = 1.6 X 107'® X 2.5 X 1073(3600 + 1700) = 0.021 mho/em 


The resistivity, p = 1/¢ = 1/0.021 = 47.5 0hm-cm. The resistivity for 
silicon at room temperature is 195,000 ohm-cm. 


High conductivity in metals is explained by the comparatively large 
number of carriers in the conduction band. Compared to metals, semi- 
conductors have relatively few carriers of current. As the temperature 
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rises, greater numbers of intrinsic electron-hole pairs are generated 
(Eq. 2.1). This explains why the resistance of a semiconductor de- 
creases with an increase in temperature. 


Majority and Minority Carriers 


In the previous chapter, it was established that n-type semiconductors 
are those in which the addition of impurity atoms results in the produc- 
tion of a small number of free or unbound electrons. Similarly, p-type 
semiconductors are those in which the addition of impurity atoms pro- 
duces a small number of holes. 

Holes and electrons in semiconductors, contributed by impurity atoms, 
add to the number of electrons and holes intrinsically present in the ma- 
terial. Thus the total number of carriers present in a doped semiconduc- 
tor is the sum of the carriers contributed by both the impurity atoms and 
the intrinsic electron-hole pairs. 

It therefore follows that in a doped p-type semiconductor there will 
be many more holes than intrinsic electrons. Similarly, in a doped n- 
type semiconductor there will be many more electrons than intrinsic 
holes. The electrons in an n-type semiconductor and the holes in a p- 
type semiconductor are called majority carriers. On the other hand, elec- 
trons in the p-type semiconductor and holes in the n-type semiconductor 
are called minority carriers. 

When donor atoms are added to a semiconductor the number of free 
electrons (majority carriers) increases and the number of holes (minority 
carriers) remains the same. When acceptor atoms are added to a semi- 
conductor the number of holes (majority carriers) increases and the num- 
ber of electrons (minority carriers) remains the same. It should be kept 
in mind, therefore, that p-type semiconductors will always contain a 
certain number of free electrons in addition to holes, and n-type semicon- 
ductors a certain number of holes in addition to free electrons. 

The above paragraphs may now be summarized by the following ex- 
pressions. 

Neglecting the effect of minority carriers, the conductivity of n-type 
material, co, is 

on = Npeun (2.5) 


and for p-type material, oc, is 
Op = Naeuy (2.6) 


where Np = density of donor atoms 
Na = density of acceptor atoms 
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Effect of Battery Polarity across n- and p-Type Semiconductors 


n-Type and p-type semiconductors may be conventionally illustrated 
in the manner shown in Figs. 2.2a and 2.2b, respectively. Charged atoms 
are indicated with circles around the charges. Electrons are indicated 
as minus signs, holes as plus signs. 

In Fig. 2.2a we observe that the majority carriers are distributed at 
random throughout the germanium crystal. Here and there we show a 
hole (++) in order to depict the few minority carriers present. It will be 
recalled that a donor atom (@) is an impurity atom which replaces a 
germanium atom, and in this process frees an electron. The impurity 
atom remains with a net positive charge (positive ion) as shown in this 
figure. 

In Fig. 2.2b we show a similar condition for the charges present in a 
p-type semiconductor except that in this case the majority carriers are 
holes instead of electrons. The acceptor atoms (negative ions) are iden- 
tified by minus signs with circles drawn around them (GC). Here and 
there we show an electron (—) to depict the few minority carriers present. 

When a battery is connected across an n-type semiconductor as shown 
in Fig. 2.3a, electron flow in the semiconductor is from left to right. If 
the battery is reversed as in Fig. 2.3b, electron flow is from right to left. 
We previously demonstrated (Fig. 2.1) that hole flow was an equivalent 
electron flow but in the opposite direction. Therefore, in a doped n-type 
semiconductor, the net current in the ammeter includes the electron flow 
which comprises the majority carriers, plus the hole flow which comprises 
the minority carriers. The currents in Fig. 2.3a and 6 are equal; the 


Majority carriers—electrons Majority carriers—holes 
Minority carriers—holes Minority carriers—electrons 





(a) n-Type (b) p-Type 


@) Donor atoms + Holes 
© Acceptor atoms § — Electrons 


Vig. 2.2. How n-« and p-type semiconductors may be shown pictorially, 
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Electron flow Electron flow 
el = 





Fig. 2.3. Direction of electron flow for different battery polarities in n-type semi- 
conductor. 


battery reversal merely causing a current reversal. A semiconductor, of 
itself, does not favor current flow in any given direction; that is, the cur- 
rent is equal in both directions. 

p-Type semiconductors behave in the same manner as n-type except 
that the holes, which are now the majority carriers, give rise to an equiv- 
alent electron flow. When combined with the few intrinsic minority 
carriers (electrons), the holes and electrons constitute the total current 
flow in the circuit. 


n-p (or p-n) Junctions 


We are now ready to study the action of semiconductors as rectifiers. 
In Fig. 2.4 is shown a diagram of an n-type semiconductor joined in- 
timately along one of its surfaces with a p-type semiconductor. The 
region in which both semiconductors are joined is called a junction. It 
should be noted that a junction is not a surface separating one material 
from another; it is a region in which both materials are atomically dis- 
solved into one another. Various techniques for making junctions are 
discussed in Chapters 5 and 6. 

Doped materials possess no net charge. The number of intrinsic holes 
and electrons in n-type materials are equal, and the negative charges 
(free electrons) are balanced by the positive charged donor atoms. Simi- 
larly, p-type material is also without any net charge, the number of hole 
carriers and ionized acceptor atoms being equal. 

When n- and p-type materials are brought together to form a junction, 
an initial flow of electrons takes place from the n- to the p-type material; 
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also, hole flow occurs from the p- to the n-type region. This leaves a 
layer of ionized impurity atoms along the junction with a net positive or 
negative charge. The n-type material along the junction acquires a 
positive charge and the p-type material along the junction acquires a 
negative charge. The net charge throughout the device, however, is zero. 

Because of these charge areas an electric field is set up which tends to 
oppose further carrier flow from one region into another. That is, the 
electrons in the n-type region are repelled by the negative charges formed 
along the junction in the p-region, and the holes in the p-type region are 
repelled by the positive charges formed along the junction in the n-type 
region. <A condition of electrical equilibrium is attained between the ef- 
fects of the field formed at the junction, on the one hand, and the tend- 
ency of the charge carriers to migrate from one region into another. Asa 
result, the immediate region along the junction has a large number of 
uncovered (charged) atoms and a scarcity of electrons and holes. The 
presence of charges grouped on each side of the junction gives rise to an 
action like that of a charged capacitor, with a polarity indicated by the 
equivalent battery shown connected across the junction in dashed lines 
in Fig. 2.4. 

n-p (or p-n) Junction with No Bias. The polarity of the potential 
formed at the junction of a p-n semiconductor is such that majority 
carrier migration is discouraged, and minority carrier migration en- 
couraged. Thus, referring to Fig. 2.4 again: 


1. Majority electrons from the left are repelled by the negative 
charges lined up on the right side of the junction. 


Ir I, 
——— <—_—__. 
Equivalent 
tential 
the potentia 
aa 
n-Type | { p-Type 
(Donor) ! \ (Acceptor) 





Wg. 2.4. The n-p junction charge distribution. Equivalent battery depicts polarity 
of charges on atoms along junction, 
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2. Majority holes from the right are repelled by the positive charges 
lined up on the left side of the junction. 

3. Minority holes from the left are attracted by the negative charges 
on the right. 

4, Minority electrons from the right are attracted by the positive 
charges on the left. 


Owing to thermal agitation, there is a constant flow of carriers across 
the junction. This flow is composed of the minority carriers which are 
attracted across the junction and a few majority carriers which are able 
to overcome the charge potential of the junction. The two effects oppose 
each other, and the net current is zero. We show this in Fig. 2.4. J; and 
I, represent the majority and minority carriers in a junction diode 
without any external bias effects. Notice that we show these currents 
as being equal. If a wire were connected from one side of the device to 
the other and no external field applied, no current would flow in the wire. 

Forward and Reverse Biasing. If the internal field created by the 
charged atoms along the junction is reduced by suitable means, the 
flow of holes from the p-type into the n-type material, and electrons from 
the n-type into the p-type material will be promoted. This may be ac- 
complished by connecting an external battery to the open ends of the 
n-p junction in the manner shown in Fig. 2.5a. The battery increases 
the majority carrier flow and is said to provide a forward bias to the 
junction. In effect, the battery opposes the polarity of charge across the 
junction and therefore reduces the internal field at the junction. 


® 
* 


+ 


titi 


@ityal 





(a) Forward bias (b) Reverse bias 


Fig. 2.5. Battery connections for forward and reverse bias, 
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The carrier flow favored by this external battery is made up of the 
following components: 


1. The majority carriers (electrons) from the n- to the p-type material. 
2. The majority carriers (holes) from the p- to the n-type material. 


These two charge carrier components are additive and constitute a 
so-called forward current, J;, as shown in Fig. 2.5a. In addition, we 
have the following: 


1. The minority electrons in the p-type region which flow across the 
junction from right to left. 

2. The minority holes in the n-type region which flow across the junc- 
tion from left to right. 


These two charge carriers components are additive and constitute a 
so-called reverse current, /,, shown in Fig. 2.5a. The net forward current 
flow is Ir — I,. 

Notice that the reduced electric field at the junction does not affect 
the intrinsic minority carrier flow. This is because the polarity of the 
field across the junction remains the same, and all of the minority carriers 
ire swept across the junction. In this case we show J; larger than /, 
(which remains the same). Thus, 7; = J; — J,, and a relatively large 
forward current results. Practically, Jy is very much larger than [,, 
so that the total current J; = J;. 

If, instead of connecting the external battery as in Fig. 2.5a, we con- 
nect it as shown in Fig. 2.56, a new situation arises. The external bat- 
tery now aids the internal charge field. This reduces the forward current 
to practically zero; but the reverse current remains unaffected. The net 
current is now I, — I;, which is practically equal to J,. Notice that this 
current is opposite to the direction of forward current. This method of 
vonnection is called reverse bias. 

‘lo summarize the foregoing, increasing or decreasing the forward bias 
increases or decreases the forward current. The reverse current remains 
the same and as such is said to be saturated. Figure 2.6 further sum- 
marizes the relative values of J; and J, for the various conditions dis- 
wussed above. Here we show that for all values of bias, including zero 
hias, the reverse current J, remains at a constant value, thus represent- 
ing « condition of saturation. On the other hand, the forward current, [,, 
varies with the amount of forward bias connected across the junction. 

Rules for Forward and Reverse Biasing a Diode. rom the foregoing 
discussion a rule may be advanced which determines how a battery 
should be connected across an n-p (or p-n) junction to increase or de- 
erease the forward current. This rule is as follows: If it is desired to 
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(a) (b) (c) 
No bias Forward Reverse 
bias bias 


Fig. 2.6. J, is constant for all values of bias. J, varies with bias. Total current 
equals: J; — I, or I, — Iy. Note: The reverse current magnitude, /,, is shown exag- 
gerated for purposes of illustration. 


promote the flow of current through a junction, the battery should be 
connected for forward bias. This means that the positive terminal of 
the voltage source should be connected to the p-side and the negative 
terminal to the n-side of the diode. 

If it is desired to reduce the flow of current through a junction the 
battery should be connected for reverse bias. In this case the positive 
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Fig. 2.7, Diode characteristics of typical germanium unit. 
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terminal of the battery is connected to the n-side and the negative ter- 
minal to the p-side of the diode. 


Characteristic Curve and Diode Equation 


The manner in which current varies with voltage for conditions of for- 
ward and reverse bias is shown for a typical germanium diode in Fig. 2.7. 
The portion of the curve to the right of the zero current line represents 
the manner in which the total current varies with voltage when the bat- 
tery is connected for forward bias. The portion of the curve to the left 
of the zero current line represents that varia- 
tion of the total current with applied voltage 
when the battery is connected for reverse bias. 
Notice that in the portion of the curve at the 
left a constant saturation current exists for a 
wide range of applied voltages. This portion 
corresponds to the constant reverse current 
flow due to the intrinsic carriers present in the 
material. Also note that the forward current eos alee 
is given in amperes and the reverse current (a) (b) 
in milliamperes, which indicates the high for- 
ward to reverse current ratio existing in n-p Fig. 2.8. Comparison of 
(or p-n) junctions. a semiconductor diode 

The symbol for a semiconductor diode is with a vacuum-tube di- 
shown in Fig. 2.8a. The arrow (indicating the ode. 
direction of conventional current flow) corre- 
sponds to the plate of a vacuum tube diode; the bar corresponds to the 
cathode (Fig. 2.8). 

We are now ready to examine quantitatively the current-voltage re- 
lutionships of a semiconductor diode. The expression for diode current 
in given by the following: 

Pt FA er a1) (2.7) 


where 7 = diode current, amp 
[, = reverse bias saturation current, amp 
V = applied voltage, volts 
7’ = absolute temperature, °K 
« = 2,718 


< 


: 


The above equation can be analyzed from two points of view, one, with 
the application of forward bias (V is positive), and the other with the ap- 
plication of reverse bias (V is negative), With forward bias, J increases 
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(a) Forward bias (b) Reverse bias 


Fig. 2.9. Current flowing in a diode for forward and reverse bias conditions. 


exponentially, as shown in Fig. 2.9a. Using reverse bias makes V nega- 
tive, and the exponential term of Eq. (2.7) rapidly approaches zero. 
Thus, J = —J, as shown in Fig. 2.9). The combined curves shown in 
Fig. 2.7 give the total diode characteristic curve for both forward and 
reverse bias conditions. 


Diffusion 


The diode equation (Eq. 2.7) gives the total current flow across a 
p-n junction. This current consists essentially of two components, drift 
current and diffusion current. We define drift current as the flow of car- 
riers under the influence of an electric field. 

Diffusion is a property in a semiconductor whereby the carriers tend 
to locate themselves in different regions of the material. A carrier tends 
to go in a direction where it experiences the greatest attraction and the 
least resistance, that is, from higher to lower density areas. This is 
analogous to crowds of people thinning themselves out, given the room 
to do so. Diffusion is related to mobility. The more mobile a carrier is, 
the greater will be its propensity to diffuse. This relationship is given 
by the following equation: 


D=—uz (2.8) 
e 


where D = the diffusion constant, em?/sec. (D, is used for electrons; 
D, for holes) 
k = Boltzmann’s constant, 1.4 X 10778 joule/sec 
T = absolute temperature, °K 
uw = mobility constant, em?/(volt-sec). (#e for electrons; “, for 
holes) 
e = charge of an electron, 1.6 X 107!° joule 
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Diffusion Length and Lifetime. When a carrier of one kind of charge 
polarity is injected into a region of the opposite polarity, there is a tend- 
ency for recombination and a consequent neutralization of the charge. 
The lifetime of a carrier depends on how far the carrier travels before re- 
combination occurs. This distance, called the diffusion length, is ex- 
pressed by the following equations: 


Lp = VD,T (2.9) 


p-“p 


In = V DnTn (2.10) 


where D, = diffusion constant of the material for holes, cm?/sec 
D,, = diffusion constant of the material for electrons, cm?/sec 
fy average lifetime of a hole, sec 
T average lifetime of an electron, sec 

L diffusion length of a hole, em 

L, = diffusion length of an electron, cm 


sok 
ll 


3 


Diffusion length is an important property of diodes and transistors in 
that it affects their parameters and operating characteristics. 


Rectification Properties of a Diode 


If an a-c source is connected across the junction, the resulting carrier 
flow is high for one-half cycle and low for the other half. Thus, a p-n 
(or n-p) junction can act as a rectifier (Fig. 2.10) just as a vacuum tube 
iliode. In contrast to vacuum tube action, which permits only unidirec- 
tional electron flow from cathode to plate and in which no reverse current 
flows, in semiconductors, there is always a certain current flow when the 
(liode is reverse biased. This is due to the reverse saturation current, J,. 


Mig. 2.10, Rectification properties of a p-n junction diode. 
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Summary 


By doping a semiconductor material, such as germanium with suitable 
impurities, n- and p-type materials may be formed. Combined, n- and 
p-type materials form a p-n (or n-p) junction diode. If the negative 
terminal of a battery (or any other voltage source) is connected to the 
n-side of the junction and the positive terminal to the p-side, the junc- 
tion is forward-biased, and a large amount of current may be made to 
flow. If the junction is reverse-biased, that is, the n-side of the junction 
goes to the positive terminal of the battery and the p-side is connected 
to the negative terminal, reverse saturation current (J,) flows. This rep- 
resents the minimum current flow in the device and is due to the diffusion 
of minority carriers across the junction. 


Problems 

2.1 Occasionally, Eq. 2.1 is expressed as np = ¢ °¥s/*”, where e is 
the charge of an electron (1.6 X 10~!? coulomb) and the other symbols 
have the same meaning as for Eq. 2.1. Prove that both equations are 
equivalent. 

2.2 What is the drift velocity of holes and electrons in germanium at 
room temperature for an electric field, H = 100 volts/cm? 

2.3 Repeat Prob. 2.2 for silicon. 

2.4 Determine the conductivity and resistivity for silicon at room 
temperature. 

2.5 Repeat Prob. 2.4 for a temperature = 125°C and for germanium 
at 85°C. 

2.6 What is the difference between majority and minority carriers in 
a semiconductor? Give examples. 

2.7 Assume that for every 100 atoms of intrinsic germanium at room 
temperature, one donor impurity is introduced. When we neglect the 
minority carriers, what are the conductivity and resistivity of the doped 
germanium? 

2.8 Repeat Prob. 2.7 for silicon. 

2.9 For germanium, at room temperature, assume the diffusion length 
of a hole, L, = 0.1 cm. Determine the average lifetime of a hole. 

2.10 Compute the diffusion constants D, and D,, for germanium at 
room temperature. 

2.11 Repeat Prob. 2.10 for silicon. 

2.12 Explain how to forward and reverse bias. a p-n junction diode. 





Chapter 3 


Introduction to Diodes 


and Their Applications 


Semiconductor diodes are used in a wide variety of electronic applica- 
tions, including rectification, modulation, detection, amplification, r-f 
power generation, conversion, mixing, triggering, limiting, referencing, 
und computer logic. It is quite natural, therefore, that semiconductor 
(diodes would have to be adequately classified. On the broadest level 
diodes may be classified as either “general purpose” or ‘“‘special purpose.” 
(ieneral-purpose diodes include conventional low-power rectifiers, and 
relatively low-frequency detectors and mixers. Special-purpose diodes 
include microwave mixers and detectors, variable capacitor diodes, 
switching diodes, tunnel diodes, regulator and reference diodes, and other 
diodes which perform specialized electronic functions because of their 
nique electrical and structural properties. 

In this chapter we will further classify diodes according to specific 
pplications and discuss their characteristics. We will also define their 
important parameters and illustrate their use in typical circuits. 


Diode Classification 


l‘xamples of specific classifications of diodes are: rectifier (low and high 
power) ; mixer and detector (UHF and microwave) ; switching; regulating 
and reference; variable capacitor; tunnel; complementary; four-layer; 
photo; parametric. 

Basically, all diodes act as rectifiers, that is, they convert alternating 
current to unidirectional current, ‘The question that might be asked at 


20 
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this point is, What differentiates one type of diode from another? 
The answer is in its intended use. Thus a high-power rectifier diode must 
have a large junction area to allow for a flow of high current, a low for- 
ward resistance for negligible power loss, and a heat sink to provide for 
a means of conducting away heat developed in a device (Fig. 3.1). 

Radio-frequency and mixer diodes, as compared to rectifier diodes, 
operate at radio frequencies. Therefore, they must have relatively low 
junction capacitances, low noise levels, and suitable values of resistance 
to provide adequate rectified signal levels in the particular circuits em- 
ployed. 

Switching diodes are similar to r-f and mixer diodes in that they gener- 
ally operate at high frequencies. Therefore, they should have low noise 
and low junction capacitances. In addition, the time required to switch 
such diodes from their ON to OFF states (recovery time) must be ex- 
tremely short; a short switching time is an important property of a 
switching diode. 

Regulator and reference diodes are characterized by constant voltage 
drops across reverse-biased diodes for a wide range of reverse currents 
flowing through the diodes. The value of this constant voltage drop is 
called the Zener voltage. This device is designed to operate at a high 
reverse current, which is in contrast to the low reverse current operating 
requirements of rectifier diodes. 

Variable capacitor diodes operate on the principle that a change in 
reverse junction voltage results in a change in the junction capacitance. 
Compared to other types of diodes, these devices are designed to produce 
optimum junction capacitance variation with small changes in applied 
reverse voltage. Figure 3.2 illustrates the physical shapes of a number 
of different types of diodes. It is obviously rather difficult, from a cur- 
sory examination to distinguish one type of diode from another. 





Medium High 
power power 


Fig. 3.1. Typical rectifiers. Heat sinks are the metal buttons which are generally 
fastened to a heat-dissipating chassis. 
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Low-power Medium-power Microwave 
rectifiers voltage regulator diode 





Fig. 3.2. Various diode encapsulations (actual sizes). 


Rectiflers 


Semiconductor rectifiers are replacing vacuum tube diodes in ever- 
increasing applications. In this section we will discuss the characteris- 
tics, parameters, and circuit applications of these devices. 

The deal rectifier should have zero forward resistance, infinite reverse 
resistance, and infinite breakdown voltage, as illustrated in the solid line 
of Fig. 3.3. The actual forward and reverse characteristics of a typical 
rectifier diode is shown by the dashed line in the figure. Observe that 
the forward current is measured in amperes (or milliamperes) and the 
reverse current in milliamperes (or microamperes). A figure of merit of 
« rectifier is the ratio of its reverse resistance to its forward resistance; 
the higher this value, the better the rectifier. 

Parameters. The parameters of primary importance in rectifier diodes 
ture peak inverse voltage (PIV) and the maximum d-c forward current, Ip. 
Other parameters are listed in Table 3.1, which gives the parameter 
headings and values of rectifier diodes in a typical chart together with 
in explanation of the parameters. 

Temperature Effects. The maximum reverse (saturation) current, Ip, 
in temperature dependent owing to the increase in minority carriers 
(electron-hole pair generation) resulting from an increase in tempera- 
ture, For normal operating ranges, the value of J doubles for germa- 
nium and triples for silicon for each 10°C rise, This does not imply 
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Fig. 3.3. Ideal and actual rectification characteristics of a diode. 


that germanium has superior temperature characteristics to silicon; 
for, at the same operating temperature, silicon has a much lower Jp 
loss than germanium, and can physically withstand much higher operat- 
ing ranges. This follows from the fact that silicon has a higher energy 
gap than germanium, as discussed in Chapter 1. 

Rectifier Circuits. Five examples of single-phase rectifier circuits are 
shown in Fig. 3.4. The rectified unfiltered d-c waveforms are identified 
with each circuit. A half-wave rectifier is shown in (a) and a full-wave 
rectifier is shown in (b). Notice that the full-wave circuit uses two 
diodes, and because its rectified waveform contains two pulses per cycle, 
its d-c output is twice that of a half-wave type. 

A full-wave bridge rectifier is shown in (c). Its output voltage is the 
same as for the full-wave circuit of (6), which uses a center-tapped trans- 
former rated at 2H,,. Also, in the bridge, the PIV across a diode when 
nonconducting is E,, (for the full-wave case, it is 2E,,). Its greatest dis- 
advantage is that it requires four diodes compared to two diodes in the 
full-wave circuit of Fig. 3.4(6). 

Two types of voltage-doubler circuits are given in Fig. 3.4(d) and (e). 
The half-wave doubler of (d) operates as follows: During the negative 
half of the input voltage cycle, capacitor C charges to the voltage L,, 
(with the indicated polarity) through diode D,. For the positive half 
of the input cycle, the voltage across C; is in series with 7, of the trans- 
former. With diode Dy conducting, the sum (2/,,) of these voltages is 





Rectified 
signal 





s 


(a) 


Rectified 


+ signal 
0 


Rectified 


+ signal 
0 


Rectified signal 


S + vA Effect of Cz 











Vig. Sd. Single-phase rectifier circuits. (a) Half-wave. Eg-c = 0.318Em, PIV = 
Ny. (b) Full-wave, Ey.o = 0.6362, PIV = 2B m. (ce) Full-wave bridge. Eg-¢ = 
OOM», PIV « By. (d) Half-wave voltage doubler. Ea-ccmax) = 2H m, PIV (diode 
1) @ 24, PIV (diode 2) = Ey». (¢) Full-wave voltage doubler, Ha-cgnax) = 2Em, 
PIV = 2h. 
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built up across C’, with the indicated polarity, thus resulting in a voltage- 
doubled d-c output. 

In the full-wave doubler (e), the positive half cycle charges capacitor 
C, to EL, through D,, and the negative half cycle charges C2 to En 
through Dz. The voltage-doubled sum (2#,,) appears across C; in series 
with C . Although the d-c output is “smoother” for the full-wave 
doubler than for the half-wave circuit, it has the disadvantage of not 
having a common ground between the a-c and d-c return circuits, which 
is a requirement in many applications. 

Overvoltages and Overcurrents. Semiconductor rectifiers are more 
prone to damage resulting from overvoltages and overcurrents than are 
vacuum tube diodes. Overvoltages are voltage transients, the ampli- 
tudes of which are in excess of the rated maximum operating voltages. 
Overcurrents are current transients in excess of rated peak currents. 
Overvoltages can result from sudden power line variations or switching 
transients. Their effects may be minimized by selecting the proper PIV 
ratings of the rectifiers, using surge suppression networks, and giving 
careful consideration to the wiring. All connecting circuit leads should 
be kept as short as possible. 


EXAMPLE 3.1. <A full-wave unfiltered d-c voltage of 300 volts is required. 
The maximum forward and surge currents are 1 amp and 12 amp, respec- 
tively. Neglect the forward resistance of the diode. 


(a) Specify the transformer voltage rating. 
(b) Determine the PIV rating for the diodes. 
(c) Choose a diode from Table 3.1 which meets the above requirements. 


Solution. (a) From Fig. 3.46, 
Hace = 0.636E nm 


Therefore, HL» = Ha../0.636 = 300/0.636 = 472 volts 

E,, of transformer winding with respect to center-tap required is at 
least 472 volts. 

(b) PIV = 2E, = 2 X 472 = 944 volts 

(c) Referring to Table 3.1, we may choose either a 1N2366 or a 1N2367 
diode. 


Other General-Purpose Diode Applications 
Low-power rectifier diodes are used in many other circuit applications, 


such as amplitude demodulators, limiters, and modulators. Circuits 
illustrating these applications are shown in Figs. 3.5, 3.6, and 3.7. 
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Fig. 3.5. Series-type demodulator. 


Demodulator (A-M). A simplified amplitude demodulator appears in 
l‘ig. 3.5. In this circuit the A-M carrier flows through D, during the 
negative swing of the signal. The composite signal (carrier and modula- 
tor components) appears across the parallel circuit comprising C, and 
Ry, Cy short-circuits the carrier signal, and the modulation component 
ppears across the load resistor, Ry. 

Limiter. The action of a diode as a limiter is illustrated in Tig. 3.6. 
In this circuit the limiting action is designed to prevent A-M signals 
(noise, etc.) from being carried along with the F-M signal to the de- 
modulator. 

The operation of this circuit is as follows: The diode is initially biased 
into nonconduction by the average level of the desired F-M signal. The 
(ime constant R,C, maintains this bias over a substantial period of time. 
An incoming A-M signal greater in amplitude than the F’-M signal will 
enuse the diode to conduct. The added resistance introduced by the 


To demodulator 





Vig. 3.6. Simplified limiter cireuit. 
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fo=fe* fm 


fm 


Fig. 3.7. Basic diode modulator circuit. 


conducting diode across winding P reduces its Q and the gain drops to a 
very low value thereby minimizing the effects of the interfering signal. 

Modulator. Figure 3.7 gives a basic semiconductor diode modulator 
circuit. Here, f, is the carrier frequency, fm the modulating frequency, 
and f, the output frequency. The output frequency consists essentially 
of the sum and difference sidebands of f,, centered around f,. In addition 
to these sidebands, frequencies corresponding to the original modulating 
signal and harmonics of the carrier are present. However, they may be 
filtered out. 

In operation, the path between f, to fm is open-circuited every half 
cycle of the carrier signal. The result is a pair of product signals, involv- 
ing f, and fm, which produce the sidebands referred to in the previous 
paragraph. 


Microwave Mixer and Detector Diodes 


Semiconductor diodes are also employed as UHF microwave mixers 
and detectors. The nonlinear characteristic of a mixer diode (Tig. 3.8) 
results in beat frequencies when the radio frequency and local oscillator 
signals are applied to its input terminals. A cross section of a microwave 
diode is shown in Fig. 3.9. Because of the high frequencies employed, 
the capacitance between the point contact and the semiconductor body 
must be very small. Both silicon and germanium are used; and the con- 
tact wire, also known as the “‘cat’s whisker,” is generally made of tung- 
sten because of its combined stiffness and spring-like properties. 

Mixer Parameters. An important pair of parameters for UHF and 
microwave mixer diodes is maximum and minimum frequency of opera- 
tion. These and other parameters are defined in Table 3.2. 

Detector Parameters. UHI and microwave diodes are sometimes 
called video detectors. As such, they are not to be confused with so-called 
video detectors used in television receivers. The operating frequencies 
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Fig. 3.8. Current-voltage nonlinearity. Fig. 3.9. Microwave 
diode cross section. 


of microwave video detectors are much higher than their television coun- 
terparts, and their mechanical ruggedness much greater. The chart in 
‘Table 3.2 includes a number of UHF and microwave video detectors. 
Parameters of interest are minimum and maximum operating frequency 
in gigacycles (gc),* minimum figure of merit, and minimum sensitivity. 
Video detectors used in television receivers will be found in Table 3.1 
under the classification of rectifiers and detectors. 

Applications. Figure 3.10 illustrates a simplified schematic of the 
UHI mixer section of a receiver. The incoming UHF range of fre- 


*A ge = 10° cps = 1 kilomegacycle. 


/ Mixer 
ae i i-f 
UHF / 
signal / ° 
| | 
/ 
/ 






UHF 
oscillator 


"ig. 8.10, Simplified cireult of UHF mixer stage used in a television receiver. 
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quencies varies approximately between 200 and 500 mc. These signals 
are converted in a typical receiver to an intermediate frequency (i-f) in 
the 40-mc range. Thus, the mixer must be capable of operation in the 
200- to 500-me frequency range. In most microwave applications, the 
i-f frequency is between 30 to 60 me, and the incoming signals in the order 
of kilomegacycles. The local oscillator energy in this case is generally 
derived from a reflex klystron. 


Switching Diodes 


A semiconductor diode may be used as a switch. Referring to Fig. 
3.11, we see that the polarity of a battery across terminals 7, and T'2 
determines whether or not the diode current 

flows (switch ON) or stops flowing (switch 


OFF). 
D With the utilization of diodes in digital 
Ty computer circuits, particularly high-speed 
on ce computers, attention has been directed to 


the switching characteristic of this device. 
A basic figure of merit is a diode’s capa- 
bility of switching from a completely for- 


Vig. 2:11. Application of ward conducting state to a reverse or cutoff 


diodé as a switch. With V condition (reverse recovery), and from a cutoff 
connected for forward bias, condition to a conducting state (forward 
the switch is closed. When recovery). The characteristics of an ideal 
the polarity of V reverse- diode for both reverse and forward recovery 


biases the diode D, the 


aeBN, are shown in Fig. 3.12. Assume that a diode 
switch is open. 


is being switched from a forward current 
to a high reverse voltage from a specified 
source (see Fig. 3.12a). For an ideal forward biased diode, the applica- 
tion of a reverse voltage would result in a reverse current. This condi- 
tion corresponds to the “normal” reverse saturation current (7,) shown 
in Fig. 3.12a. 

In an actual device, when the diode is switched from a forward to a 
reverse condition, a sharp increase in reverse current occurs as indicated 
in Fig. 3.13a. The current then finally settles to the normal reverse 
current value. The time interval ¢,; — t. taken at the 0.1/p and Ip 
current levels is defined as recovery time. 

Now assume that a constant current pulse is applied to an ideal diode, 
as shown in the top portion of Fig. 3.12b. For an ideal diode the re- 
sultant voltage waveform would appear as shown in the bottom half of 
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Forward current 


Input current 
to waveform 










<— time Reverse time state 
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Voltage 


Resultant voltage 
; waveform 
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(a) (b) 


Fig. 3.12. Reverse and forward recovery characteristics in an ideal diode. (a) Ideal 
reverse recovery characteristic. (b) Ideal forward recovery resultant waveform. 


this figure. In an actual diode, however, the voltage waveform is as 
shown in Fig. 3.13b. Notice that between the time intervals ¢) and ty, 
the voltage rises and then falls gradually to its ideal voltage level. 
Minority Carrier Storage Effect. The reason for the departures of the 
diode characteristic from the ideal are many. One is the so-called minor- 
ity carrier storage effect which is explained as follows: When a diode is 
forward biased, majority carriers from both regions cross the junction 
barrier and become minority carriers in the crossed regions. If the bias 
on the diode is suddenly reversed it would be expected that the current 
flow through the diode would be zero. This is not the case. Owing to 
the presence of the minority carriers a reverse transient current flows 


Forward 
current 





V, at Ip 


Voltage 


(a) (b) 


Wig. 8.18, Actual recovery characteristics in a diode. (a) Actual reverse recovery 
characteristic. (b) Actual forward recovery waveform. 
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until all the minority carriers trapped in the crossed regions return to 
regions from which they came, or enter into recombination with majority 
carriers. 

The process of ridding a region of its minority carriers takes time, and 
as a result limits the speed with which a diode can be switched from a con- 
ducting to a nonconducting state. This time lag may be reduced by cer- 
tain technological processes such as careful preparation of the junction 
surfaces and calculated doping of the n- and p-type regions of the diode. 

Parameters. A switching diode chart is given in Table 3.3. Param- 
eters of primary interest are peak inverse voltage, maximum forward 
current, and switching time. These, in addition to other parameters, 
are defined in the table. 


Diode Logic Circuits 


OR Circuits. Two major building blocks for digital computer circuits 
are OR and AND circuits. Figure 3.14 illustrates an OR circuit with 
two input terminals, a and b, an output terminal c, and a common 
ground. If a positive signal is applied to either a or b or to both termi- 
nals, the diode (or diodes) become forward biased, resulting in an output 
signal at terminal c. If three inputs are required, three diodes are em- 
ployed; four inputs require four diodes, etc. Thus an OR circuit causes 
an output to appear when one or more signals are applied to any or all 
of the available inputs to the circuit. 

AND Circuits. An AND circuit provides an output signal only 
when ail inputs are excited. Referring to Fig. 3.15, we first assume that 
the d-c supply voltage is higher than any incoming signal; then, with no 


+E 
Rr, 
+] a Da c 
AND 
Ds 
FY b 





Ground Ground 


Fig. 3.14. OR circuit. Fig. 3.15. AND circuit. 
° 
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signal present at either a or b, both diodes will be forward biased (short- 
circuited). This short circuit effectively places the output at zero or 
ground potential through the input generator impedance, which is 
normally low. 

Now assume that a signal is present only at a. Diode Dy, remains 
shorted, and the output at c is still shorted. Thus the presence of only 
one signal at the input of an AND circuit produces no output. On the 
other hand, let us assume that two signals are present, one at a and the 
other at b, and that eg > ey. In this case the diode connected to e, 
conducts first, thereby reverse-biasing diode D,. The voltage at ¢ now 
assumes the value of the input voltage at 6. By similar reasoning, ap- 
plication of a voltage at a lower in amplitude than that at b results in 
back-biasing diode D,, and the voltage at c will be the applied voltage 
at a. Thus, in the AND circuit of Fig. 3.15 the output voltage is equal 
to the lesser of the individually applied input voltages. This is in con- 
trast with an OR circuit where the output voltage is equal to the greater 
of the individually applied input voltages. 


Reverse Breakdown Effects (Zener and Avalanche) 


The current-voltage characteristic of a typical p-n junction shown in 
l'ig. 3.16 reveals the effect of increased reversed bias on the reverse cur- 
rent flow. Observe that at a certain voltage, Vz, the reverse current sud- 





Zener voltage, V;, 





a-Volts Geverse) “Is —> Volts (forward) 


Fig. 3.16, Typical Zener diode characteristic. 
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denly departs from a low negative value (represented by the saturation 
current J,) and sharply descends at a steep rate in the negative direction. 
This phenomenon is known as the Zener effect. The reverse voltage at 
which the current suddenly begins to make its sharp descent is called the 
“Zener breakdown voltage.” The use of the word “breakdown’’ in this 
case is not meant to infer that destruction of the diode occurs, but rather 
that the normal negative reverse current increases suddenly and sharply. 
Actually, as long as the maximum dissipation value of the diode is not 
exceeded, the action is reversible and the device may be brought back 
to its normal reverse current by application of a reduced reverse bias. 
This type of cycling may be continued indefinitely without damage to 
the device. 

Zener Action. Reverse breakdown can be the result of two effects. 
One is the Zener effect and the other is the avalanche effect; both will 
now be discussed. 

In the Zener effect, as the reverse bias is increased, the internal electric 
field also increases. If the field is high enough, a force will be exerted 
sufficient to tear apart the covalent bonds between atoms. This will set 
free large numbers of holes and electrons, giving rise to the characteristic 
shown in Fig. 3.16. 

Avalanche Effect. When a high-speed electron collides with an atom 
it may easily knock off an electron from the atom, resulting in a free hole. 
Thus, every high-speed carrier creates two new carriers, a hole and an 
electron. These two new carriers are now in a position to create four 
new carriers. This process continues until a tremendous increase in re- 
verse current results. This is called the ‘‘avalanche effect.”” Figure 3.17 
shows the multiplying effect of a high speed electron impinging on an 
atom. A similar picture applies for holes with the direction of hole flow 
from right to left. 

The Zener voltage, Vz, for silicon is expressed by 


Vz = 39pn + 8pp (3.1) 
where p,, = resistivity of the n-material, ohm-cm 
pp = resistivity of the p-material, ohm-cm 
The avalanche effect can be expressed as 
a = ae lB (3.2) 


where « = number of electron hole pairs created by a single carrier as 
it travels 1 cm under the influence of an applied electric field. 

= a constant 

a constant 

is the applied electric field (reverse voltage) 


Soe 
ll 
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electron 


Vig. 3.17. Avalanche effect due to a high-speed electron impinging on an atom. 


The combined Zener and avalanche effects give rise to the reverse cur- 
rent-voltage characteristic observed in the breakdown region of a diode. 
Use is made of this characteristic in a wide variety of applications. It 
must be pointed out, however, that Zener or avalanche diodes are speci- 
fically designed to optimize this effect for whatever their application. 

Zener or avalanche diodes are employed principally as regulation and 
reference elements. In these devices silicon is used in preference to 
germanium. Silicon has a more constant reverse current characteristic, 
and its breakdown descent is sharply defined. A regulator provides a 
means of stabilizing an output voltage for wide variations of input volt- 
age, loads, and temperatures. A reference element provides a constant 
predetermined voltage over a wide range of source voltages, loads, and 
temperatures. These devices are used in a variety of circuit applica- 
tions, such as clipping and surge protection. 

Referring again to the typical Zener diode characteristic in Fig. 3.16, 
we will observe that when the breakdown voltage is reached, the diode 
resistance falls sharply to a very low value and the negative current in- 
creases to a high value. As the reverse voltage is increased beyond Vz 
by even the slightest amount, the current increases still further; yet in 
effect, the voltage remains constant. 
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Applications 


Shunt Regulator. A simplified Zener diode voltage regulator circuit 
is shown in Fig. 3.18. Assume that E; increases; there will be a simul- 
taneous increase of current through Ry, and D,, and a drop in the junction 
diode resistance. Since Hz remains constant, the increase in current 
will be absorbed as a voltage drop across R, thereby restoring the original 
voltage across the load. 

Variations in the load will result in increased or decreased current in 
the diode. Increasing the load current reduces the diode current; reduc- 
ing the load current increases the diode current. In all cases the voltage 
Ez across the diode (and hence across the load) remains constant. The 
equations controlling the device operation in Fig. 3.18 are as follows: 


L=Iz+t (3.3) 
E 

Fagen ges (3.4) 
Ry 
E;-E 

ye pes a (3.5) 
iF 


These expressions establish the values of the components in the circuit. 
EXAMPLE 3.2. For the regulator circuit of Fig. 3.18, 
E = 12 volts 
Ez = 6 volts 
T;, varies from 20 ma to 50 ma 


(a) Determine the value of resistor R. 
(b) Choose the diode from Table 3.4. 


a 
Supply Load! 
voltage al J 





Fig. 3.18. Basic Zener voltage regulating circuit. 
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R; 


~% [iz —> To regulated 
a-c circuit 


Fig. 3.19. Back-to-back Zener diode connections used in a-c regulated supply. 


Solution. (a) Since J; must be a constant, let the Zener current Iz = 
50 ma when the load current, J7, = 20 ma (50 + 20 = 70) and Iz = 20 
ma when J; = 50 ma (20 + 50 = 70). Therefore, using Eq. 3.5: 


EH; — Ez 12-6 
he RO 
(b) Referring to Table 3.4, we may choose either a 1N437 or a 1N437A. 


R = 86 ohms 


Alternating-Current Voltage Regulator. Zener diodes, when used 
for a-c voltage regulation, are connected back-to-back as shown in Fig. 
3.19. Hooked up in this manner, one diode is forward biased (shorted) 
and the other diode is reverse biased for each alternate half cycle of opera- 
tion. 

One of the parameters of interest in a-c voltage regulation is the ratio 
of the average-to-peak Zener current. For most applications this value 
is 0.6. 

Reference Element. The application of a Zener diode as a reference 
device is shown in Fig. 3.20. Here the rheostat, R, is adjusted for a re- 
verse current which places the operating point of the device in the Zener 
region, The Zener voltage of the device then establishes the reference 
voltage level. A reduction in battery voltage by as much as 50% will 
produce a negligible change in the d-c output voltage. 






Switch 
R 
b 
—E 
sa Zener Reference 
diode voltage 


Vig. 3.20, Basic voltage reference circuit. 
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Parameters. The parameters of primary interest in regulator and 
reference diodes are: (1) Typical regulating voltage; (2) Power dissipa- 
tion; (3) Temperature coefficient of voltage; (4) Range of typical 
regulating voltage. A chart listing these and other parameters is given 
in Table 3.4. 


Variable Capacitor Diodes 


All reverse biased semiconductor diodes exhibit capacitance. This is 
a consequence of the charged atoms (ions) lining the sides of the junction 
barrier; a condition analogous to the opposite charges present on both 
sides of a charged capacitor. 

The charged ions are analogous to the strained dielectric between the 
confines of the plates of a charged capacitor. Additional reverse bias 
increases the width of the carrier-free region and reduces the junction 
capacitance. Thus “dielectric”? capacitance variation in a junction 
diode may be effected by varying the reverse bias applied thereto. 

Figure 3.21 reveals that the range of dielectric capacitance variations 
corresponds to a bias range between zero and moderate values of reverse 
voltage. Also shown in this figure is the capacitance variation in the 
forward region. This is due to a reverse carrier hole storage effect and is 
called “storage capacitance.” Note that the storage capacitance is 
much greater than the dielectric capacitance for a given change of bias 
voltage. 







Capacitance 


Storage capacitance 






Reverse bias Forward bias 
Dielectric 
capacitance 

range 


Fig. 3.21. Variation of dielectric and storage capacitance with bias. 
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Figure 3.22 gives an equivalent circuit of a variable capacitor diode. 
Capacitance variation with voltage is expressed by the following equation: 


Co 

CO it apepromatns (8.6) 

v 

( 
¢ 
where Cy = is the zero-bias capacitance Rs 
» = instantaneous value of bias voltage 
¢ = a constant (which varies with the 
material) Cm 

n = } for abrupt, and 4 for graded im- 


purity junctions 


The diode cutoff frequency f, is given by Fig. 3.22. Equivalent 
1 circuit of variable ca- 
(3.7) pacitor diode. 





aid 2rRk,C 
where R, = the diode series resistance 
C = diode capacitance at a fixed bias level 


Parameters. Important capacitor diode parameters are (1) typical 
capacity, (2) maximum d-c working voltage, (3) minimum Q at a speci- 
fied voltage and frequency. In this case a high reverse resistance and a 
low forward resistance results in a high Q. These and other parameters 
‘re given in Table 3.5 for a number of variable capacitor diodes. 

Variable capacitor diodes may be used in many circuits. For example, 
as a frequency control device, it is placed in parallel with a conventional 
capacitor to vary the total capacitance of a circuit. This property is 
utilized in automatic frequency control circuits, F-M modulators, and 
adjustable band pass filters. The circuit of Fig. 3.23 illustrates the 
principle of the variable capacitor diode as a tuning element. The po- 
lontiometer varies the reverse voltage across the diode, thereby varying 
its capacitance. This changes the resonant frequency of the circuit in a 


Blocking (d-c) 
capacitor 






Variable 


Wig. 3.23, Simple variable capacitor tuning circuit. 
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manner similar to that of a conventional capacitor. The voltage H pro- 
vides the necessary bias to the capacitor diode. 


Summary 


Applications of semiconductor diodes are numerous. The built-in 
characteristics of various diodes vary with different applications. For 
example, rectifiers require diodes with high rectification efficiency 
whereas microwave mixer applications call for high frequency, low noise 
operation. Low recovery time is an important parameter in computer 
diodes, on the other hand, a high reverse-to-forward resistance ratio is 
desirable in variable capacitor diodes. 


Problems 


3.1 List at least three different properties which differentiate a recti- 
fier diode from an r-f diode. 

3.2 (a) What differentiates a switching diode from an r-f diode? 
(b) What distinguishes a Zener diode from a rectifier diode? (c) How 
does a variable capacitor diode differ from a rectifier diode? 

3.3 With the aid of Figs. 3.4(b) and (c), verify that the PIV = 2E,, 
for the diodes in a full-wave rectifier, and the PIV = £,, for the diodes 
in the bridge circuit. 

3.4 Explain why the full-wave voltage doubler of Fig. 3.4(e) is not 
satisfactory for use without a power transformer. 

3.5 A full-wave bridge rectifier is designed to deliver 400 volts d-c at 
1 ampere. The maximum expected surge current is 10 amperes. Neg- 
lecting the forward resistance of the diode: (a) Determine the trans- 
former voltage rating. (b) What should the PIV ratings of the diodes be? 
(c) Choose a diode from Table 3.1 that comes closest to meeting these 
requirements. Justify your choice. 

3.6 For the shunt-type detector of Fig. P3.6, explain its operation 
and draw its input and output waveforms. 





Fig. P3.6 


3.7 Explain, in your own words, the difference between reverse and 
forward recovery times in a switching diode. 
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3.8 Show how the OR and the AND circuits of Figs. 3.14 and 3.15, 
respectively, are connected for negative-going signals. Also, explain 
their operation. 

3.9 (a) What should the theoretical value of the Zener voltage, Vz, 
be for a Zener diode using n-type silicon (p, = 0.1 ohm-cm)? Assume 
that the resistivity for the p-side is negligible. (b) It was found that the 
measured Zener voltage for (a) was 15 volts. Explain the discrepancy. 

3.10 For the regulating circuit of Fig. 3.18, let J, = 100 ma (con- 
stant). Assume that for a Zener voltage, Vz = 10 volts, the Zener cur- 
rent, Zz can vary from 10 to 50 ma. R = 100 ohms. Determine over 
what range the supply voltage, L;, may vary. 

3.11 Explain the difference between the storage and dielectric capaci- 
tance ranges in the capacitor diode. What are their respective bias 
polarities? 

3.12 A capacitor diode of 47 uf operates at a frequency of 50 me. 
What is the allowable maximum value of its series resistance, R,? 





Chapter 4 


Transistor Action 


In the first three chapters we discussed the nature of holes and electrons 
in semiconductors, and the construction and operation of junction diodes. 
It was indicated that an n-p junction consists of a zone of n- and a zone 
of p-type material joined intimately along their surfaces. It was also 
developed that in an n-type semiconductor the majority carriers are elec- 
trons and the minority carriers, holes; in a p-type semiconductor the 
majority carriers are holes and the minority carriers, electrons. 

One of the important properties of a semiconductor junction, as it 
applies to rectifying action (and more significantly to transistor action), 
is the greater flow of majority carriers for forward bias than for reverse 
bias. This is illustrated in Fig. 4.1. In (a), where the junction is con- 
nected for forward bias, the forward current, J;, consists of electron flow 
from the n- to the p-type material, and hole flow is from the p- to the 
n-type material. Recalling that hole flow in one direction is equivalent 
to a flow of electrons in the opposite direction, we see that both types of 
carriers contribute to the total current flow. The current J,, which is 
the reverse minority current component, consists of minority electrons 
flowing from the p- to n-material and minority holes flowing from the 
n- to p-material. The net current flow around the circuit is therefore 
equal to J; — I, = I. 

Figure 4.1b illustrates the junction connected for reverse bias. In 
this case the main contribution of current is the flow of intrinsic minority 
carriers, J,, across the junction. The minority carriers in the n-region 
are holes, and in the p-region they are electrons. The polarity across the 
junction favors the flow of these minority carriers. On the other hand, the 
forward component of current, J;, is almost zero. Whatever current 
does flow due to this component is a result of a few majority carriers 
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(b) Reverse bias 


Wig. 4.1. Relative direction and amplitudes of forward and reverse bias currents. 
(Nolte: Magnitudes not drawn to scale.) 
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having sufficient energy to overcome the reverse bias. In Fig. 4.1b, we 
observe that for the reverse bias case, the net current, J, is much smaller 
than in Fig. 4.1a. 

The difference in net current for forward and reverse bias connections 
indicates that the equivalent resistance of the junction for reverse bias is 
very much higher than for forward bias. These resistances are not con- 
stant but vary with applied voltages and currents. In general, the for- 
ward resistance of a diode varies inversely with the forward current, that 
is, as the forward current is increased, the forward resistance is decreased. 


Junction Transistors 


If a p-type semiconductor, sliced very thin, can be conceived as being 
“sandwiched” between two n-type semiconductor materials in the man- 
ner shown in Fig. 4.2a, an n-p-n structure, called a transistor is obtained. 
Similarly, a thinly sliced n-type semiconductor sandwiched between two 
p-type materials results in a p-n-p transistor (Fig. 4.2b). Again, as for a 
diode, an n-p-n or a p-n-p transistor is generally made from single- 
crystal materials, such as germanium or silicon, to which has been added 
suitable impurities. The term junction transistor is applied to transistors 
having this sandwich-type structure. A transistor made in this manner 
may duplicate practically all of the circuit functions of a vacuum tube, 
such as voltage, current, and power amplification. 

In explaining transistor action, we may assume an imaginary division 
along the p section of an n-p-n transistor as shown in Fig. 4.3. We now 
have the junction n,-p at the left and junction p-n, at the right. 

At this point in our discussion it is important to keep in mind two 
significant characteristics that are generally included in transistor de- 
sign. The first is that the center section is made to have a much lower 
conductivity than the two outer sections. The second characteristic 





(a) n-p-n Transistor (b) p-n-p Transistor 


Fig. 4.2. Basic structures of n-p-n and p-n-p transistors. 
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n4-p Junction 


z 


a): 


Fig. 4.3. Imaginary division of the transistor to explain transistor action. 


p-ng Junction 














is that the center section is very much thinner than the two outer ones. 
Thus, if a very large number of electrons can be made to enter the center 
region from either n; or Ng, they will have very little chance of losing 
their identities as a result of combination with holes in the center section. 
In addition, because of these two characteristics, electrons from n, find 
it relatively easy to diffuse into ng. This also applies to electrons travel- 
ing from ng to ny. 

Let us now connect the left junction n,-p for forward bias, and junc- 
tion p-ng at the right for reverse bias, as shown in Fig. 4.4. In this case, 
[;, and I, represent the forward and reverse currents in n;-p; also Lye 
and J, represent the forward and reverse currents in p-ng. It will be 
observed that the current J;; and J, are in the same direction, but are 
opposed by the currents Z,; and Jz. Since Jy; and J,2 are much greater 
than J,; and Jy, the net current will be a flow of electrons clockwise 
around the circuit. Another way of stating this is to say that the total 
forward current in a transistor is very much larger than the total reverse 
current. 

In accordance with accepted practice the center region is called the 
base. In the junction connected for forward bias, the outer section is 
called the emitter, and in the junction connected for reverse bias the outer 
section is called the collector. 

Wlectrons entering the base from the emitter prefer to diffuse across 
the base to the collector rather than take the high resistance path down 
the base and back to battery No. 1. Thus, most of the carriers flowing 
across junction n,-p proceed into junction p-ng. The remainder of these 
carriers, which represent a small relative number, flow out of the base 
and into battery No. 1, and are partially responsible for a base current, 
/,, Another component of /, is a small majority hole flow from the base 
to the emitter, It must be emphasized that this component of the base 
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Fig. 4.4. Current flow in an n-p-n transistor. (Note: Magnitudes of reverse and 
forward currents are not drawn to scale.) 


current is minute because of the low conductivity of the base material. 
The flow of carriers from the emitter through the base and then on to 
the collector is augmented by a small number of minority electrons which 
flow from the base to the collector. Because of the positively charged 
ions lining the junction at the np side, practically no opposition is offered 
to the flow of forward carriers. From the collector, these electron car- 
riers complete the circuit to the emitter terminal through both batteries. 

It should be emphasized again that junction p-n2, at the right, is 
connected for reverse bias. Therefore, little forward current, I;2, flows 
in this junction to oppose the forward current J; originating in the n;-p 
junction. Opposing J;; in the n,-p junction is a reverse current, J,1. 
This component of current is also very small. Taking into account the 
combined opposition currents plus the base current, about 95 to 98% 
of the injected emitter current appears at the collector terminal. 


Alpha 


If the forward bias at the emitter is varied slightly, the net current 
appearing at the collector will also vary. The ratio of collector current 
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change, AI,, to emitter current change, AI,, in the common base mode of 
connection, that is, where the input is the emitter and the output the 
collector, and the base is common to both the emitter and the collector 
return circuits, is referred to as alpha (a). 


ha (4.1 
ia 1) 





Alpha varies in approximately the same ratio as the original ratio of 
total collector current to total emitter current. In general, alpha for 
junction-type transistors varies between 0.910 and 0.995. 


Transistor Amplification 


Up to this point we have established that the base region of a transistor 
has a higher resistivity than the emitter region; also that alpha is almost 
equal to unity (0.95 being typical). Let us assume that a = 0.95, and 
that an input signal, e;, which produces an input current, 7; (Fig. 4.5), 
is inserted in series with battery No. 1 and the emitter. In this circuit, a 
collector current equal to 7; X 0.95 results, or 7, = 0.957,. Let the load 
resistor, Ry = 10,000 ohms, and the input resistance of the transistor = 
100 ohms. Then the voltage ratio of the signal at the output to that at 
the input is approximately 0.95 X 10,000/100 = 95. Thus a junction 
transistor, in the common-base configuration, is capable of considerable 
voltage gain even though the current gain is less than unity. A detailed 
discussion of gain for the common-base and the other configurations 
(common-emitter and common-collector) will be presented in later chap- 
ters. 





Wig. 4.5. Common-base transistor circuit. Voltage gain depends on size of load 
rewistor, Ry, input resistance, and alpha, 
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Symbols 


Conventional symbols for n-p-n and p-n-p type transistors are shown 
in Fig. 4.6. In both symbols, the base is shown as a solid line. The emit- 
ter is always shown with an arrow, the point of the arrow always being 
in the direction of conventional current flow (opposite to electron flow). 
The symbol gives us a clue to the type of transistor, n-p-n or p-n-p, the 
type of current flowing into the emitter identifying emitter polarity. 
Thus the transistor shown in Fig. 4.6a is an n-p-n type because the 
arrow indicates that conventional current flow is out of the emitter; 
hence electron flow is into the emitter. The symbol shown in Fig. 4.66 
represents a p-n-p transistor because the arrow indicates conventional 
current, or hole flow into the emitter. The remaining diagonal line in 
the symbol refers to the collector in both (a) and (6). 


p-n-p Transistor 


A p-n-p junction transistor with the base common to both input and 
output circuits is shown in Fig. 4.7. As in the case of the n-p-n device 
of Fig. 4.4, the emitter-to-base bias is in a forward direction and the 
base-to-collector bias is in a reverse direction. 

The forward carriers from the p, to the n region consist mainly of holes 
(Iy,). Because of the high resistance of the base region, only a small 
number of the minority electrons (I+-) make their way from the base to 
the emitter. Thus holes from the emitter to the base constitute the main 
forward current, J,. 


Emitter Collector Emitter Collector 


Base 
connections 


A(n-p-n) B(p-n-p) 


Fig. 4.6. Conventional schematic symbols for n-p-n and p-n-p transistors. In (a) 
electron flow is into the emitter making the emitter n-type. In (b) hole flow is into 
the emitter, making the emitter p-type. 





Transistor Action 67 


Emitter-base Base-collector 


junction junction 
[so , jase width 


Emitter Base | Collector 





lig. 4.7. Electron and hole flow for forward and reverse currents in a typical common- 
base circuit using a p-n-p transistor. + = holes. — = electrons. 


The minority carriers in the p;-n section consist of intrinsic electrons 
from p, to n and intrinsic holes from n to p;.. They set up a reverse cur- 
rent, I,, opposing the net forward current, [,. However, the reverse 
current effect is negligible as explained in previous paragraphs and will 
not be considered in the discussion that follows. 

A very insignificant portion of the forward hole flow proceeds through 
the base region into battery No. 1, and gives rise to the base current, 
/,. The remainder of the forward hole flow (J) proceeds across the col- 
lector Junction into pg. This flow finds little opposition inasmuch as the 
Ni-pe unit is connected for reverse bias, thereby permitting easy flow of 
holes from n to pa. The total collector current is equal to the emitter 
current minus the base current. 

As in an n-p-n common base circuit, a varies between 0.91 and 0.995. 
Irom the foregoing, we see that n-p-n and p-n-p transistors are identical 
devices except for the sequence of n- and p-type layers and the junction 
biasing. 


Overall Current Gain 


As defined previously, the overall current gain of a transistor is a 
measure of the ratio of the collector output signal current to the emitter 
input signal current, and is expressed by a. For stable operation, a 
should not be greater than 1. 
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The value of a is primarily dependent on the following two properties 
of a transistor: 


1. Emitter injection efficiency, y. 
2. Transfer efficiency, 8. 


Emitter Efficiency. [Referring to Fig. 4.7, we see that the total emitter 
current, J,, is composed of holes and electrons, Jy, and J;,. We are here 
interested in the hole component, I;,, injected into the base region. 
Emitter injection efficiency, y, is defined as the ratio of a small change of 
the injected hole component, AJ;,, to a small change in the total emitter 
current, AI., or 

_ Alin 


= 4. 
1 (4.2) 





Emitter efficiency increases with reduced base width, reduced emitter 
resistivity, and increased base resistivity. 

Transfer Efficiency. As the hole component, J;;, flows from the base 
into the collector, some recombination takes place with the electrons in 
the n-material of the base. Hence a loss of holes occurs. The transfer 
efficiency, 6, may be defined as the ratio of a small change in collector 
current, AJ,, to a small change in hole current, AJ;;, or 

AI. 
6 =— (4.3) 
AI tn, 
From the point of view of the device itself, 6 increases considerably as 
the base width of the transistor is reduced. 

It can be shown that the current gain a is related to y and 8 by the 

following expression: 
a= 78 (4.4) 


Transistor Breakdown Effects 


There are two significant breakdown effects associated with transistor 
operation. The first is avalanche breakdown, and the other is punch- 
through. Stated briefly, avalanche breakdown is associated with the 
rapid multiplication of electron-hole pairs, and punchthrough is related 
to the excessive number of ion charges in the base region of a transistor. 

Avalanche Breakdown. The mechanism of avalanche breakdown has 
been discussed in Chapter 3 in the description of the Zener diode. As 
applied to the transistor, it occurs when the collector-base voltage is 
reverse-biased beyond a certain value. t 
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Punchthrough. Punchthrough is depicted in Figs. 4.8a and b. In (a) 
we show a certain effective base width and the impurity ion-lined junc- 
tions of a transistor biased for normal operation. In (b) the reverse bias 
has been made excessively large, thereby increasing the impurity ions 
along the base-collector junction. This results in an encroachment of 
the collector ions into the base region, thus reducing its effective width. 
If the width is made small enough, a short circuit will ultimately develop 
across the emitter and collector junction. 

In a transistor, either one of these breakdowns may occur, and the 
maximum collector voltage specified by the manufacturer is based on 
which occurs first. Usually, the resulting damage is permanent. 


Base width 
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Wig. 4.8. Conditions resulting in punchthrough. (a) Normal reverse bias. (0) Effect 
of excessive reverse bias on base width. 
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Potential Hill Analysis of Transistor Operation 


Another way of understanding transistor action is by means of potential 
hill diagrams. Such a diagram (Fig. 4.9) shows the relative voltage po- 
tentials in the different regions of a transistor. ; 

In Fig. 4.9a we illustrate a potential hill for the holes of an unbiased 
p-n-p transistor. The potential hill results from the charge on the im- 
purity ions lining the junction. Notice that the hill in the emitter-base 
junction rises from a negative to a positive value; therefore a hole in the 
emitter region will require energy to carry it over to the base. Once in 
the base region, the hole sees a hill going downwards into the collector 
region. The hole will then “slide” down this hill. 


Potential 
P1 n P2 
(emitter) (base) (collector) 





Potential 


Reverse bias 





Fig. 4.9. Potential hill diagrams for a p-n-p transistor. 
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Referring to Fig. 4.9b, we observe the potential hills for a biased tran- 
sistor. Since the emitter-base junction is forward biased, the hill has 
been reduced in the emitter region and the hole “experiences” little or no 
difficulty in getting over to the base. On the other hand, the hill in the 
collector region is now even steeper than in (a) and holes from the base 
again slide down without opposition. 

It would be constructive for the reader if he were to refer to the earlier 
sections in this chapter and relate the transistor explanation given there 
with the potential hill concept presented here. 


Summary 


In this chapter, transistor action has been explained by using a junc- 
tion transistor connected so that the base is common to both input and 
output signals. It-is helpful to think of the action as one in which the 
carriers injected into the emitter of an n-p-n unit are electrons and those 
in a p-n-p unit are holes. 

Alpha is the ratio of collector current change to emitter current change 
produced by a small signal at the emitter. The amplification of a tran- 
sistor in the common base configuration is approximately the ratio of 
the load resistance to the input resistance multiplied by alpha. In junc- 
tion transistors, alpha is a fraction approaching unity, but never equal to 
unity. 


Problems 


4.1 Describe in your own words, and show with a diagram, the cur- 
rents flowing in an n-p-n transistor (connected in the common base). 

4.2 Repeat Prob. 4.1 for p-n-p transistor. 

4.3 The voltage gain of a common-base connected transistor was 
found to be 83. The load resistor, Ry = 6800 ohms and a = 0.940. 
Determine the input resistance of the amplifier. 

4.4 Using Eqs. 4.3 and 4.4, prove Kq. 4.2. 

4.5 Iixplain the difference between avalanche breakdown and punch- 
through. 

4.6 Draw potential hill diagrams for a biased and unbiased n-p-n 
transistor. 








Chapter 5 


Classes of Transistors and Properties 


In this chapter we will classify transistors on a broad scale. We will then 
indicate how the unique physical and electrical properties of certain 
types of transistors fit them into the various classifications. 

Transistors are available in various sizes and forms, and with different 
properties to meet the requirements of a wide variety of applications. 
These may be classified broadly as (1) power, (2) a-f and r-f, and (3) com- 
puter switching. 

It will be found that these classifications may overlap when applied to 
particular devices. That is, power transistors may be used in a-f and r-f 
equipment; similarly, r-f transistors may be used in computer switching 
circuits. Furthermore, transistors may be listed in one category by some 
manufacturers and in another by other manufacturers. In the following 
discussion we will try to be as specific as possible with regard to funda- 
mental differences as they apply to the above classifications. 


Power Transistors 


Transistors which handle power levels in the order of one watt or more 
are called power transistors. They are used as a-f and r-f power ampli- 
fiers, and for high power switching, as in d-c to d-c converters. <A cri- 
terion of importance in power transistors is power dissipation which is 
that portion of input power to a transistor that is converted into heat. 
If excessive, this heat can give rise to destructive junction temperatures, 
and therefore should be kept to a minimum. 

Temperature Considerations. The temperature reached by a junction 
depends on (a) the operating power, (b) the material and geometry of the 
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Fig. 5.1. Heat sinks. 


device, and (c) the manner in which the developed heat is removed. In- 
creasing the operating power increases the current, and hence the heat 
and temperature developed. Similarly, increasing the extrinsic resistiv- 
ity (a function of the doping) of a semiconductor, or reducing its cross- 
sectional area, can result in higher temperatures. Inadequate provisions 
for removing the developed heat in the device also results in a buildup 
of temperature. For these reasons, high-power devices make use of low 
resistivity materials, large geometries, and heat-dissipating structures 
called “heat sinks” (Fig. 5.1). A typical distribution of temperatures 
ut the junctions of a transistor is indicated in Fig. 5.2. 

Device stability depends largely on junction temperature. Reverse 
saturation current in a semiconductor rises exponentially with junction 













Collector 


Chassis —>@OOUIOTT. 


Transistor 


25°C (Room temp.) 


Fig. 5.2. Typical junction temperatures in a 10-watt transistor. 
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temperature. This rise in saturation current increases power dissipation 
because the average (d-c) power loss in a transistor is the product of the 
voltage drop across the junction and the average current flowing through 
the junction. Therefore, device stability is largely an inverse function 
of junction temperature. 

Power Dissipation. Consider a transistor in a common-emitter circuit 
with an applied signal. The power dissipated, Pc, in the collector circuit 


1s 
Po = Vesle (5.1) 


where Veg = collector voltage, volts 
Ic = collector current, amperes 
Pc = power dissipation, watts 


In practice, we often find it more convenient to use the collector-emitter 
voltage, Vcx, instead of Vex. The difference is negligible, and Eq. 5.1 


becomes 
Po = Verle (5.2) 


In addition to the power loss in the collector circuit, power is also dis- 
sipated in the base-emitter circuit. This may be expressed as Pg = 
Vaxlp. However, Pp is quite small and is usually negligible, therefore, 
Eq. 5.2, as it stands, may be used to express the power dissipation of a 
transistor. In most applications power dissipation is at a maximum 
in a transistor when no signal is applied to the device. With an applied 
signal, the power dissipation decreases because some of the delivered 
energy is converted into an output signal. 

Maximum Ratings. Maximum ratings specified for power transistors 
are in general: 


1. Maximum power dissipation of the device, Pc(max)- 
2. Maximum collector junction temperature, Ty (max)- 
3. Maximum collector current, I¢(max)- 

4. Maximum collector voltage, Vc(max)- 


Since junction temperature is affected by power dissipation, and power 
loss depends on current and voltage, a certain ‘“‘safe” product of current 
and voltage must be maintained; otherwise the device will break down. 
Po of Eq. 5.2 now becomes Pe (max) &8 expressed in 


Po (max) od Verle (5.8) 
A typical power dissipation curve is shown in Fig. 5.3. At any point 
on the curve the product of Vcz/c is equal to the rated power dissipation, 


Pcmax): The region designated as “safe” is where the dissipated power 
is equal to or less than Po (max): In the “unsafe” region the dissipated 
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Pomaxy = VerIc at each point on curve 


Unsafe 


L 
= —_— 


Collector-emitter voltage ( Vor) 


Collector current (Ig) 


Fig. 5.3. Safe and unsafe regions of operation in a transistor. 


power is greater than Pco(max). The safe area is often referred to as the 
derated” zone of operation. 
To summarize the preceding paragraphs, high-power devices require 
large-size junction areas, and must be capable of operating at high volt- 
ages and currents. They must also make use of low resistivity p- and 


n-type materials, and must be capable of effectively dissipating the heat 
being developed. 


Audio-Frequency and Radio-Frequency Transistors 


In power transistors, power is our main concern while in a-f and r-f 
transistors, the attainable frequency is most important. The categories 
af and r-f, cover devices which operate as amplifiers between audio and 
radio frequencies, the latter extending up to about 1 kilomegacycle. 
We will look for those device properties which favor high-frequency 
operation. 

Factors Influencing Frequency Response. In Chapter 4, a was defined 
is the overall current gain of a transistor in the common-base configura- 
tion, Alpha varies with frequency in the manner shown in Fig. 5.4; at 
low frequencies, @ remains fairly constant, and at high frequencies it 
begins to fall off. 

Physically, this fall-off is caused primarily by a ‘“fanning-out” of many 
of the carriers in the base region as they proceed from the emitter to the 
eollector, Because of this fanning out, these carriers suffer a relative 
slowdown, and at some particular frequency will actually be 180° out of 
phase with other faster-moving carriers. This results in a partial signal 








76 Semiconductor Fundamentals: Devices and Circuits 


*| Low frequencies > High frequencies 





Frequency f ——> 


Fig. 5.4. Variation of a with frequency. 


cancellation at the collector. This cancellation, which is referred to as 
the transit time effect, increases with operating frequency and causes the 
amplitude to fall off. 

In a junction transistor, the frequency at which a is reduced to 0.707 
of its previous value, is called the alpha-cutoff frequency, fa. Its relation 
to device properties is 


fa =) oe (5.4) 


where fy = is the alpha-cutoff frequency, mc 
W = base width, cm 
D = diffusion constant (for germanium this value is 95 em?/sec 
for an n-p-n transistor and 45 em?/sec for a p-n-p transis- 
tor) * 


Equation 5.4 indicates that f, is directly proportional to the diffusion 
constant of the material, and inversely proportional to the square of the 
base width. Since the diffusion constant is greater for germanium than 
for silicon, we can expect that the frequency characteristics of germanium 
are superior to those of silicon. 

In addition to the transit time effect, other device properties affect 
at high frequencies. To help us visualize the causes of these effects we 
show a simplified transistor model in Fig. 5.5. Here C., represents the 
capacitance of the emitter-base junction; Cu. is the capacitance of the 


* The value of D for n-p-n silicon is 33 cm*/sec; for p-n-p silicon, the value is 13 em*/ 
sec. 
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Fig. 5.5. Simplified i i . 3 : 
ea al plified internal capacitance and resistance effects associated with a 


collector-base junction; r, is the collector resistance, and ry’ is the re- 
sistance between the base region and the base terminal. The effect of 
Tp, which is called the base-spreading resistance, may be reduced by de- 
creasing the base width. Other internal device effects, such as emitter 
resistance, are neglected in this discussion. 

Power Gain. Maximum available power gain (MAG) is obtained 
when a transistor is operated with matched input and output resistances 
One of the factors influencing power gain at high-frequency operation is 
the collector-base capacitance, C,». MAG varies with frequency (Fig 
5.6) in the same manner as a, and the frequency at which the power ott 
falls to 0.707 of the low-frequency level (1.0) is defined as 


1 


~ QareCos 





Ja (5.5) 


1.0 


0.707 


Power gain 


f if 


Fig. 5.6. Variation of MAG with frequency. 
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where fg = frequency at which the power gain is 70.7% of low frequency 
value, mc 
r, = collector resistance, ohms 
C.» = collector junction capacitance, uf 


Gain-Bandwidth Product. From Eq. 5.5, the maximum power gain 
cutoff frequency fe, is seen to be inversely proportional to the collector 
capacitance and the collector resistance. If fg is multiplied by the maxi- 
mum available power gain (MAG) of a transistor, we obtain an expres- 
sion involving frequency and gain. This is called the gain-bandwidth 


product GBW, where 


2 
= epee (5.6) 

GBW SarsCn 

This product serves as a figure of mertt of a transistor in that it ex- 
presses both the gain and frequency capabilities in terms of the transis- 
tor’s properties. From Kq. 5.6, it may be seen that with a value of a 
approximately equal to unity, the two most important device properties 
which influence gain and high-frequency operation are the base-spreading 
resistance, ry’ and the collector capacitance, C.». 

Power Gain in Terms of B. Current gain of a transistor in the common- 
emitter configuration, is 8 (or hye), where 


Rea (5.7) 





The power gain, A», of a CH amplifier is given approximately by 


Ri 
Ay = (5.8) 


where Rz, = load resistance 
rp! = base-spreading resistance 
In a class A amplifier the load resistance, Rr, is related to the output 
power, P,, and the peak-to-peak output signal swing, Zp—p, as follows: 


2 
P, = Ep—p (5.9) 
8Rxi 
Multiplying Eqs. 5.8 and 5.9 yields an equation which expresses & 
figure of merit of a transistor in terms of the current gain, 8, and the 
power output een? 
ApPo = —— (5.10) 
$ Sry! 
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Thus the figure of merit of a power amplifier increases with both the 
square of @ and the square of H,_,, and decreases with rj’. 

From Eq. 5.10, we observe that as 7,’ is reduced, the product of power 
gain A, and power output P, increases. To obtain a lower value of 7’ 
normally requires a reduced base width. However, a reduced base width 
with a given applied collector voltage brings the transistor closer to 
punchthrough. Therefore, a compromise must be made between high- 
gain and high-collector voltage operation. 


Computer (Switching) Transistors 


With high-speed transistors it is possible to switch currents ‘‘on’’ and 
“off” in a few nanoseconds (1 nanosecond = 10~® second). High-speed 
switching transistors are used in digital computers and data processing 
equipment. 

Figure 5.7 is a basic switching circuit using a p-n-p transistor con- 
nected in the common-emitter configuration. The operation is as fol- 
lows: 


1. In (a) no input signal (and hence no base current) is applied to the 
transistor. The only current through Ry is the reverse saturation cur- 
rent, [czo. This current is negligible, and a voltmeter connected between 
collector and emitter terminals would read approximately E¢c volts. 
‘The transistor operated in this mode is said to be in the OFF state. This 
is analogous to an open switch with slight leakage across its contacts. 

2. Applying a positive-going pulse to the base, as in (b), reverse- 
biases the base-emitter junction, and no collector current flows. The 
equivalent switch is again open, but without leakage, and the voltmeter 
tygain reads the full value of Ecc. 

3. In (c) the applied pulse is negative, and forward biases the emitter- 
base junction. Collector current J¢ flows, and the voltage drop across 
ht, is approximately equal to Ecc; there is now no voltage drop across 
the collector-emitter terminals of the transistor. In this case the volt- 
meter reads zero and the transistor is said to be in the ON state. This 
corresponds to a closed mechanical switch. 

I'rom the above discussion it can be seen that the application of an 
external signal may control the ON-OFF states of a transistor, whether 
it be an n-p-n or a p-n-p device. 

Switching Transistor Properties. In Fig. 5.8 a p-n-p transistor is used 
i & common-emitter switch. A negative-going rectangular pulse, 7 
units wide, switches the transistor on, The pulse at the output is no 
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longer a clean rectangular wave, but distorted as shown. The waveform 
distortion is a result of so-called delay, rise, fall, and storage time effects 
inherent in the transistor. ! bie 
Delay time, tp, is the time interval between the instant the device is 
turned on and the point on the curve where the output voltage reaches 
10% of Ecc on the rise portion. Rise time, tr, is the time interval be- 
tween the 10 and 90% values of Ecc. Storage time, ts, is the interval 
between the instant the device is turned off and the time the output 
reaches 90% of Ecc on the descending portion of the curve. Fall time, 
tp, is the interval between the 90% and 10% levels on the descending por- 
i the curve. 
ee storage time effect was previously discussed in Chapter 3. As 
applied to a transistor, the minority carriers in the base region must be 


-Ecc -Ecc 


Leakage resistance 






Sw 


(No signal 
applied) 






Fig. 5.7. Basic switching circuit. 
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Pulse is 
turned off 
Pulse starts at t = 0 





Fig. 5.8. Time delays introduced by a transistor. 


swept out when the device is turned off. In the process of being swept 
out, these minority carriers may recombine with opposite charges, or 
they may return to the emitter. Because of the finite time it takes to do 
this, “turn off”’ takes place gradually, rather than instantly. 

Rise, delay, and fall times are inversely proportional to the alpha-cut- 
off frequency, fa. A discussion of the equations relating the operation 
and properties of the transistor to these characteristics are beyond the 
scope of this book. 

While it would seem that ordinary r-f transistors may be used as 
switches in computers, this is not always the case because of minority 
storage effects. Computer switching transistors are therefore designed 
specifically to minimize these effects. This is done by employing narrow 
and heavily doped base widths in order to reduce the lifetime of the 
stored minority carriers. Narrow base widths reduce the time it takes 
for the stored charge to reach the emitter, and heavily doped base ma- 
terials aid and abet the recombination process. 


Summary 


There are three broad classifications of transistors: (1) power, (2) a-f 
and r-f, and (3) computers (switching). The essential properties of 
power transistors are: (1) large geometries, (2) low resistivity materials, 
and (3) provision for heat dissipation. A-f and r-f transistors call for 
narrow base widths and low values of base spreading resistance to ensure 
good high-frequency response. Switching transistors, although similar 
in many respects to r-f transistors, further require heavily doped and 
narrow base widths to minimize storage time effects. 
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Problems 


5.1 List three factors which influence the junction temperature of a 
transistor. What can be done to minimize their influence? 

5.2 The maximum collector dissipation rating for a transistor is 5 
watts. Draw a power dissipation curve for maximum voltage and current 
values corresponding to 10 volts and 1 amp, respectively. What is the 
mathematical term given the resulting curve? 

5.3 A transistor in the CE configuration has the following operating 
point: 

Vor = 5 volts 


Ic = 4ma 
Ver = 0.25 volt 
Ip = 200 pa 


(a) Compute the total dissipated power (that is, in the emitter-base 
junction and in the collector-emitter junction). 
(b) How does the total dissipation power of (a) compare with the 
power dissipated only in the collector-emitter junction? 
5.4 A transistor has a base width of 0.0025 cm. Compute the alpha- 
cutoff frequency, fa, for: 
(a) P-n-p and n-p-n germanium transistors. 
(b) P-n-p and n-p-n silicon transistors. 
5.5 Discuss the difference between fa (Eq. 5.4) and fa (Kq. 5.5). 
Are there any similarities between them? Explain. 
5.6 What is the significance of the gain-bandwidth product (GBW) 
of a transistor? 
5.7 Explain what is meant by storage time in a transistor. How can it 
be minimized? 


5.8 Referring to Fig. 5.8, what would happen if a positive-going pulse 


were applied to the circuit? Explain. 

5.9 A positive-going rectangular pulse of width 7 units of time is ap- 
plied to an n-p-n transistor in a CE configuration (similar to Fig. 5.8). 
Accurately draw the output waveform showing 

(a) Voltage levels. 

(b) The delays. 

5.10 As explained in Chapter 3, a diode can be used as a switch in 


computer circuits. Why should we then use a transistor as a switch 
instead of a diode? 





Chapter 6 


Transistor Technology and Types 


In this chapter we discuss materials and processes used in making various 
types of transistors. The first part of the chapter describes the process- 
ing of the raw materials, how high-purity intrinsic crystals are obtained 
and how these crystals are doped to produce n- and p-type sininetiaien 
In the second half of the chapter the construction of basic transistor 
types is described and their properties discussed. 


Crystal Purification and Refining 


Impurities present in intrinsic materials used for diodes and transistors 
are in the order of one part in a billion. Such impurity levels cannot be 
obtained by chemical processes; however, in the last decade, other tech- 
nologies have been developed which meet these reguiromeste, These are 
described briefly, particularly with reference to the processing of the two 
most common materials used in transistors, germanium and silicon. 

Production of Intrinsic Monocrystalline Germanium. Semiconductor 
materials required for diodes and transistors must be of monocrystalline 
or single-crystal structure. It is only from this type of structure that we 
ean obtain a device whose performance can be predicted. In general 
th ree major steps are involved in obtaining intrinsic single-crystal phiens- 
nium from raw materials. First, the raw materials, which are natural 
compounds or by-products of other manufacturing processes containing 
germanium, are processed into fairly high-purity polycrystalline germa- 
nium ingots. In the second step, the ingots are further refined to the 
required purity levels. Finally, the polycrystalline ingots are converted 
into monocrystalline structures. 
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Fig. 6.1. Flow chart of processes involved in obtaining transistor-pure germanium. 


The production of intrinsic germanium from the raw material is illus- 
trated in block diagram form in Fig. 6.1. The raw materials (step 1) are 
first combined with chlorine to form germanium tetrachloride. This 
compound is then converted into germanium dioxide (step 2), which is 
then reduced by hydrogen to “pure” germanium (step 3). This product 
is then run through a so-called zone refiner (step 4) where the impurity 
concentration is further reduced to the desired level (step 5). 

In zone refining (step 4) impurities in a parent body dissolve more 
readily in molten portions of that body than in others. Thus, as a molten 
zone passes through a bar, it will readily take along with it whatever im- 
purities are contained within the bar. As a first step in this process in- 
gots are transported by means of quartz boats through an induction or 
resistance heater (Fig. 6.2). After an ingot is finally passed through a 
zone refiner, the impurity content which is concentrated at the left end 
of the bar, is removed by cutting off this portion of the bar. The number 
of times this process is repeated depends on the desired purity level to be 
attained. Following zone refining, we are now ready for the next process, 
that is, crystal growing. 


Induction heater coils 


Heat chamber 


Germanium 
ingot Motion 
of boat 


through 
chamber 





Fig. 6.2. Zone refining details. 
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Fig. 6.3. Crystal growing (Czochralski technique). 


Crystal Growing. In polycrystalline materials, atoms are haphazardly 
arranged throughout the structure; in single crystals, on the other hand 
atoms are symmetrically distributed and arranged. One method bf 
manufacturing ingots with single-crystal structures uses a crystal-grow- 
ing machine such as the one shown in Fig. 6.3. Here polycrystalline 
germanium is first melted in a graphite crucible. Then a single-crystal 
sample of germanium, called a seed, which is clamped in a chuck, is in- 
serted in the melt, slowly rotated, and at the same time pulled gradually 
out of the melt. As the single-crystal seed is withdrawn from the melt 
it picks up the polycrystalline material from the melt, atom by oions, 
and forms a single-crystal structure. Ingots 6 to 8 inches in length ind 
) to | inch in diameter, may be obtained in this manner. This methad of 
single-crystal growth is called the Czochralski process. 

Float Zone Refining. When germanium is zone-refined, quartz cruci- 
bles are generally used to transport the ingots through the heat zone 
Silicon cannot be purified in this manner, because boron, which acts as 4 
contaminant, is invariably present in quartz, and is easily dissolved in 
silicon. To obtain high-purity silicon, a process is employed in which 
sone refining and crystal growing are combined in one operation. This 
process, called float-zone refining, is illustrated in Fig. 6.4. Here an ingot 
of silicon is supported vertically, between two chucks and rotated. 
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Fig. 6.4. Float-zone refining. 


Initially, a single-crystal seed is pressed against the ingot in i 
temperature zone. As this region passes through the heat zone, a = 
from the molten region of the ingot attach themselves to the seed, 


thereby initiating the 


molten zone traverses the entire crysta. 


growth of a single-crystal structure, and as the 
] a single crystal of high purity 1s 


formed. Thus zone refining and crystal growing are combined in a single 


process. 


Transistor Junctions 


In the previous section we described the methods used to oo ~— 
crystals of transistor purity. We will now discuss how these single cry: 
tals are utilized in the construction of transistors of various a 

Four basic types of junctions are used in p-D-p and n-p-n oa 7 
They are: (1) grown, (2) fusion alloy, (3) diffused, (4) epitaxial, ” ; 
section we will discuss the making of these junctions and their properties. 


Grown Junction Transistors. r. 
factured by means of the Czochralski Process. f ' 
intrinsic polycrystalline germanium or silicon mixed with suitable ia 
ants such as phosphorus, which produces an n-type melt, or gallium, 


Grown junction transistors are manus 
The melt consists of 


which produces a p-type melt. 
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In the growth of an n-p-n germanium transistor, a seed of single-crystal 
germanium is dipped into an n-type melt. The seed is then rotated and 
withdrawn at a controlled rate. As the crystal is withdrawn from the 
melt it becomes n-type as indicated in Fig. 6.5a. If a p-type material 


such as gallium is added to the melt, the 
positive charges will neutralize the nega- 
tive charges until the melt becomes in- 
trinsic. Further addition of this dopant 
makes the melt p-type, and in this case 
the pulled portion of the crystal will be p- 
type as shown in Fig. 6.5b. After a desired 
thickness of p-type material is formed, n- 
type impurity (phosphorus) is added to 
the melt, making the pulled crystal n- 
type, as shown in Fig. 6.5c. 

The — single-crystal n-p-n _ structure 
formed in the manner just described must 
now be sliced and diced into individual 
transistors, a process illustrated in Fig. 
6.6. First the ingot removed from the 
crystal puller is sawed along the planes 
indicated by the dotted lines in (a). 
Then the disk is scribed along its surface, 
forming a multitude of squares as shown 
in (b). The scribed disk may now be 
easily broken into individual rectangular 
fiep-n structures (c), to which leads are 
uttached as in (d), and the unit mounted 
fw in (e). 

The manufacture and use of grown 
junction transistors is negligible today 
because their power and frequency capa- 
bilities are relatively limited as compared 
‘o other types of junction transistors: 
These limits are approximately Pg (max) = 
0,25 watt and f, = 30 me. 

Rate-Grown Junctions. In another 
tnethod of junction formation employing 
(the Czochralski technique, both p- and n- 
(ype impurities are included in the melt. 
Only a certain percentage of an impurity 
enters the grown single crystal as it is 
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Fig. 6.5. Doping procedure 
in production of an n-p-n 
grown junction transistor. 
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Table 6.1. Values of Segregation Coefficients 
(k) for a Number of Impurities 


Sawed along these lines 


Distribution Coefficients 

















Impurity Germanium Silicon 
Boron (p) 17.0 0.8 
Gallium (p) 0.087 0.008 
Indium (p) 0.001 0.0004 
Antimony (n) 0.003 0.023 
‘ee Arsenic (n) 0.02 0.3 
junction crystal Phosphorus (n) 0.08 0.35 
Metal | 
Gold case 
base growth produces a p-type material, and a high rate of growth yields an 
n-type material. As many as fifty junction layers may be produced in a 
grown crystal by this method. Rate-grown transistors are characterized 
Fk, Ace by low values of fa and medium power dissipation values. 
Alloy Junction Transistors. An alloy junction transistor is one in which 
Base an impurity of one type, n- or p-, is alloyed into both sides of a semicon- 
6) (e) 
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(c) 


Segregation coefficient (k) 


Fig. 6.6. Steps in fabricating grown junction transistor from grown ingot. 











|_| Gallium (Ga) (multiplied by 0.01) 


a a 
7 8 
Rate of growth, inches/hour 


pulled from the melt. This percentage is referred to as the segregation 
coefficient, k. This coefficient varies with the rate of growth of the crystal, 
Thus, with a given rate of growth it is possible to effect an n-type crystal, 
and with a different rate a p-type crystal. 

Table 6.1 gives the value of k for various impurities in germanium 
silicon. Figure 6.7 shows how the value of k for antimony and galli 
varies with growth rate. In a germanium transistor, & slow rate 





Be Variation of segregation coefficients of antimony and gallium with rate 
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ductor of opposite type, that is, p- or n-. To form an n-p-n transistor, a 
p-type wafer is alloyed on each side with an n-type dopant. In a p-n-p 
transistor, an n-type wafer is alloyed on each side with a p-type dopant. 
In both cases the center region of the wafer becomes the base, and the 
outer regions the emitter and collector. There are two kinds of alloy 
junctions, fused and electrochemical. A fused alloy junction transistor 
is one in which the alloying is done by heat whereas in an electrochemical 
alloy junction transistor, the alloying is accomplished by impinging a 
jet of liquid which contains the dissolved impurity on a suitable p- or 
n-type wafer. In this process the impurity is deposited by electrolytic 
action on the semiconductor wafer. 

Fused Alloy Junction Transistors. The steps required to make a p-n-p 
fused alloy transistor are shown in Fig. 6.8. Here, n-type wafers about 
1 mil thick and 10 mils square are mounted in a jig made up of a number 
of receptacles such as the one shown in (a). These receptacles contain 
pellets of gallium or indium positioned above and below each wafer. 
The jig is then placed in an oven for heat treatment at about 530°C. At 
this temperature the indium pellets melt and diffuse into the germanium, 
which is always in a solid state. Careful control of the temperature and 
time cycling permits a desired degree of diffusion of indium into the 


germanium. The surface regions of the n-type germanium are converted. 


into a p-type, as indicated by the shaded portions shown in (b). Between 
the formed p-type regions, the germanium remains n-type. 

Notice that the collector area is made larger than the emitter area. 
This is purposely done to enable most of the carriers from the emitter to 
reach the collector. An assembled unit is shown in (c). By using suita- 
ble materials, we can manufacture n-p-n transistors as readily as p-n-p. 

Electrochemical Transistors. In the electrochemical process (Fig. 6.9) 
the etching solution may be indium chloride or some other similar salt. 


Indium chloride in solution contains positive indium ions and negative 
chloride ions. A voltage source is impressed across the germanium 


wafer and the etching jet, and the germanium wafer is made positive © 


with respect to the jet. The chloride, therefore, forms a salt of germa- 
nium chloride when the etchant strikes the germanium. This results in 
a crater as shown, the width of which can be controlled readily by in- 
frared light measurements made through the wafer. 

After the formation of craters the polarity of the voltage is reversed, 
that is, the wafer is made negative with respect to the jets, as in (6). 
The indium (which is a positive ion) is now deposited on the opposite 
sides of the germanium wafer and a p-n-p transistor is formed. It is to 
be noted that, as in the fused alloy transistor, the collector-base junction 
area is made larger than the emitter-base junction area for the s 
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Fig. 6.8. Steps in fabricating a fused-alloy transistor. 


reason, that is, to effect a flow of carriers from the emitter radiall 
through the base to the collector. Electrochemical alloying ma ss 
employed in the manufacture of n-p-n as well as p-n-p eden: : 
As discussed in Chapter 5, the alpha cutoff frequency, fa, is Listcaaaeily 
proportional to the square of the base width. Because electrochemical 
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Fig. 6.9. Making a p-n-p electrochemical transistor. 


alloying provides smaller base widths than either the iphe oo 
types, their high-frequency characteristics are superior if 2 ese Me! 7 
Their power dissipation, however, 1s lower. Values of alpha cu re ‘ 

high as 1000 mc are realized with electrochemically etched transistors. 


Diffusion-Type Transistors 


i i i i ingle crystal n- or p-type 
This type of transistor is made by using a sing t ty 
wafer as a base and causing an impurity material of opposite conductivity 
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Arseni 





p-Type wafer 


(a) Before diffusion (b) After diffusion 


Fig. 6.10. Formation of n-p junction by diffusion. 


to diffuse into the wafer. Two methods of obtaining this structure are 
used. In the first the wafer is placed in a furnace in which an impurity 
in gaseous form is present; in the second method the impurity is coated 
on the surface of a semiconductor wafer, which is then heated in a fur- 
nace. Diffusion is a comparatively slow process, requiring temperatures 
up to 800°C for germanium and 1300°C for silicon. However, it results 
in accurate and predictable impurity distribution and penetration. 

In diffused materials the impurity concentration gradient, that is, the 
density of the impurity, varies logarithmically. It is a maximum at the 
point of entrance and a minimum at any predetermined distance from 
the point of entrance. A simple example of diffusion is shown in Fig. 
6.10. Here we show a p-type material in (a) before diffusion, and when 
arsenic vapor surrounds the wafer, the outer surface becomes n-type as 
shown in (0). 


Diffused-Alloy and Double-Diffused Devices 
Two variations of diffusion-type devices are diffused-alloy and double- 


diffused transistors. In a diffused-alloy transistor (Fig. 6.11a) the base 
is formed by diffusion of impurities into a wafer of n- or p-type material 


Collector 


(b) Double diffused 


Alloyed emitter 


Collector 


(a) Diffused-alloy 








Vig. 6.11. Examples of diffused-type transistors. 
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which acts as the collector, and the emitter is alloyed to the base. Ina 
double-diffused device (Fig. 6.11b) the base is diffused into the collector 
wafer as before, and then an impurity of opposite type is diffused into 
the base, forming the emitter region. The transistors about to be de- 
scribed make use of both types of construction. 

Drift Effect. The impurity distribution of a diffused-base p-n-p 
transistor is shown in Fig. 6.12. Here we observe that the concentration 
of n-type impurities is high at the emitter junction side of the base, and 
low at the collector junction side. Because of this unequal distribution, 
an initial transient flow of electrons diffuses through the base from left to 
right when the junction is formed. This sets up an electric field which is 
in a position to promote a drift flow of electrons in the opposite direction, 
that is, from right to left. Recalling that hole flow is opposite to electron 
flow, the “built-in” field favors hole flow from left to right. With no 
external potential applied to the transistor the system reaches a state of 
equilibrium at zero current flow. 

When the transistor is properly biased, and a signal is applied, holes 
entering the emitter will be accelerated by the built-in field, and swept 
across the base to the collector junction. This type of device is called a 
drift transistor, because the built-in field produced by the impurity dis- 
tribution gradient accelerates the drift flow across the base. 

Silicon-Diffused Transistors. Diffusion-type transistors have superior 
frequency and voltage breakdown characteristics because: 


1. The rate of change of conductivity is less than in alloyed junctions 
where the resistivity profiles are abrupt. This results in a reduced value 


of base-spreading resistance. 









Intrinsic 
level 


Impurity | distribution 


Base 


p-Type region 


Emitter- base Base-collector 
junction junction 


Fig. 6.12, Impurity distribution in a p-n-p diffused base transistor. 
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2. An impurity gradient in a region results in reduced junction capaci- 
tance. 

3. A graded impurity junction has a higher voltage breakdown and 
provides a built-in field for acceleration of the charges from emitter to 
collector. 


These advantages, plus those of higher 
operating temperatures (increased 
power), are offered by silicon-diffused 
transistors, 

In early work with silicon, it was 
found that infinitesimal traces of gold 
are generally present in this material. 
These traces produce traps which re- 
duce carrier lifetime. This drawback 
has been overcome by the use of nickel 
which acts as a getter by absorbing the 
gold. Silicon-diffused power transis- Collector 
tors have power dissipation values in 
the order of 150 watts, and operating 
frequencies of 20 mc or higher. 








Mesa Transistors. A mesa transis- 
tor, as its name suggests, is shaped P 

like a hill (Fig. 6.13c). The purpose 

of this construction is to reduce col- , 

lector capacitance by removing por- 
tions of the base-collector junction. spiel 

In a typical device with a base width 

of 0.00006 inch, the cutoff frequency q 

is in the order of 100 me for silicon, 


Fig. 6.13. Steps in formation of a 


and about 1000 me for germanium. mesa transistor. (a) Diffusion of 
The details of the construction of a p-type wafer. (6) Alloying of elec- 
typical mesa transistor are shown in trodes and formation of p-n-p 


structure. (c) Etching away excess 
collector-base junction. 


lig. 6.18. A p-type wafer diffused 
with an n-type material is shown in 
(a). In the next step, aluminum 
stripes for the emitter, and gold-antimony stripes for the base are 
wlloyed in by vacuum evaporation techniques. During this process a 
p-n-p structure is formed as in (6). Finally, the collector area is reduced 
i in (¢) by etching. 

In practice many hundreds of these devices are made from a single 
slice of transistor material. Tirst a number of emitter and base stripes 
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are deposited on the n- or p-type slice. Then the slice is broken up into 
individual units, after which each unit is provided with leads and capsu- 
lated. 

A double-diffused mesa transistor is shown in Fig. 6.14. In this device 
the base is formed in the first diffusion, and the emitter in the second 


diffusion. 


Planar Transistors 


Diffusion has brought about methods of controlling the penetration 
and distribution of the dopant beneath the surface of a wafer of semi- 


Base-emitter junction 
(exposed) 


Base lead 












Emitter lead 


Metalized emitter contact Metalized base contact 


Base-collector junction 
(exposed). 


Metalized collector contact 
Collector lead 


Fig. 6.14. Double-diffused mesa transistor. (Courtesy Fairchild Transistor.) 


conductor material. In the mesa structure undesired diffused surfaces 
are etched away. In “planar” structures penetration of the dopant, 
in other than desired regions, is prevented by coating the surface of 
these regions with an oxide layer, a process called passivation. 

The planar process has a number of decided advantages. The oxide 
can be applied to the surface even before the diffusion process. Therefore, 
the deleterious surface effects characteristic of other processes are not 
present. These surface effects may produce increased reverse leakage 
and noise, and reduced breakdown voltage and current gain. Thus pas= 
sivation results in greater device reliability. : 

Figure 6.15 illustrates a double-diffused planar transistor. In t 
device the base and emitter regions are processed in the first diffusio 
and the emitter region only in the second diffusion. Each operation re 
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verses the polarity of the exposed surface, so that either p-n-p or n-p-n 
structures may be formed, depending upon which are desired. 


Epitaxial Transistors 


Epitaxial transistors differ from other types by the way in which the 
erystal'structure of the individual emitter, base, and collector regions are 
formed. In a typical device we begin with a wafer of single-crystal ma- 
terial called a substrate. Evaporated atoms of the same material are 
then caused to fall on the substrate in a process similar to a “snowfall.” 


Oxide layer protecting 


the base—emitter junction Metalized emitter contact 







Oxide layer protecting pass 


the base—collector junction Metalized base contact 






Metalized collector contact Collector soldered directly to header 


giving high mechanical strength and 
maximum power dissipation. 


Collector lead 


Fig. 6.15. Double-diffused planar transistor. (Courtesy Fairchild Transistor.) 


A layer of single-crystal material with the same crystal orientation of the 
substrate is then formed on the substrate. 

Epitaxy is derived from the Greek words “epi’’ and “taxi,” which mean 
“upon” and “arrange.” This is exactly what happens during the epi- 
taxial growth of a crystal when vaporized atoms of the semiconductor fall 
upon the substrate and arrange themselves to conform with the crystal 
orientation of the substrate. 

A schematic diagram of a typical silicon epitaxial growth process is 
shown in Fig. 6.16. Here a single silicon wafer rests upon a graphite 
container enclosed in a section of a quartz tube, and the region within 
heated to about 1100°C. Hydrogen and silicon tetrachloride are fed 
into the tube and react with each other to produce vaporized silicon and 
hydrogen chloride. Dopants may be.introduced into the tube as shown. 
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Fig. 6.16. Schematic diagram of epitaxial growth process. 


They provide the desired n-type or p-type polarities to the layers of sili- 
con formed on the substrate. wh 
Usually the substrate has a very low resistivity. Low resistivity ma- 
terials of this nature are heavily doped, and are identified by a super- 
script + sign following the nor p. Thusa heavily doped n-type regio is 
indicated as n*, and a heavily doped p-type region is shown asp. The 
first epitaxial layer falling upon the substrate is used as the collector. 
The substrate then forms a low resistance connection to the collector 
and the shell or heat sink. By keeping the collector, the base, and the 
emitter regions narrow and the collector resistance low, very high cutoff 
frequencies and power-handling capabilities may be obtained. a 
Masking Techniques. The advent of diffusion techniques, passivation, 
and epitaxial growths has given rise to new technologies in the manu- 
facture of semiconductor devices. As an example, suppose it is desired 
to provide diffusion over a certain area of a surface and to prevent dif- 
fusion over the remaining area. To do this a “Tesist” material or a mask 
of some sort is placed over the undiffused area. After the diffusion opera- 
tion, the resist may be removed by chemical etching or a photographie 
process. If a mask is used, it may be removed physically. To illustrate 
the employment of masking techniques, the fabrication of a planar 
double-diffused n-p-n epitaxial silicon transistor will now be described. 
Planar Epitaxial Transistor. For high-frequency response it is desira- 
ble to use high-resistivity material. However, this produces high-col- 
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lector series resistance and long storage time. Epitaxial material solves 
this problem by providing a low-resistivity substrate with a high-resistiv- 
ity skin. To make an epitaxial wafer a low-resistivity ingot is grown 
and processed into wafers as described previously. The high-resistivity 
skin is then grown on the surface of the heated wafer. The silicon, so 
deposited, grows on the existing single-crystal surface, forming an n-type 
skin on the n* substrate. 

The collector-base junction is formed by diffusing boron atoms into 
the wafer. Being p-type, the boron compensates the bulk n-types im- 
purities and converts the diffused region to p-type. The junction then 
exists at that depth where the boron concentration is just sufficient to 
cancel the n-type dopant. The diffusion is carried out at high tempera- 
ture in a controlled atmosphere. Boron is transported to the wafer as 
boron trioxide vapor where the silicon reduces it to elemental boron. 
The depth of the junction is controlled accurately. For the planar tran- 
sistor, an oxide is first formed and holes etched in where the junction is 
wanted. This is achieved by coating the oxide surface with a layer of 
photoresist, exposing it to ultraviolet light through a mask which shad- 
ows the desired junction areas, developing it to open the shadowed areas, 
and etching the bare oxide. The diffusion is then masked by the oxide 
and penetrates only in the etched areas (Fig. 6.17). 

We now form the emitter-base junction. During base diffusion an 
oxide is regrown on the silicon. Another photoresist-etch cycle is carried 
out, exactly as in the preparation for the planar base diffusion, but using 
a mask which images the size of the emitter to be made. This results in 
an area of bare silicon into which the emitter is diffused, again with the 
oxide acting as a mask in the other areas (Fig. 6.18). The diffusant in 
this case is an n-type dopant, generally phosphorus. Since the emitter is 
contained within the base area, the phosphorus atoms recompensate the 
boron atoms in the diffused region, converting it back to n-type and com- 


= 
ii 


n-Type silicon 





Fig. 6.17, Formation of collector-base junction in planar structure. 
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First 
oxide 


n-Type silicon 





Fig. 6.18. Formation of emitter-base junction in planar structure. 


pleting the n-p-n junction structure. The emitter diffusion is also carried 
out at high temperature in a controlled ambient. It utilizes phosphorus 
pentoxide as a source, which is reduced to elemental phosphorus at the 
wafer surface. Again, accurate control, over the junction depth is neces- 
sary; this helps determine the emitter efficiency and forward current 
transfer ratio. 

The method of applying the metal contacts to the emitter and base is 
as follows: The oxide is removed only in those areas which will be metal- 
lized, again using the aforementioned photoresist-etch technique and an 
appropriate mask. The metal is then evaporated either through a foil 
mask or directly onto the entire wafer. A cross-sectional view of a planar 
epitaxial transistor is shown in Fig. 6.19. 
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Fig. 6.19. Cross-sectional view of a planar epitaxial transistor. (Courtesy Fairchild 
Transistor.) 
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Summary 


Monocrystalline semiconductor material is produced in three steps: 
(1) the raw material is refined to polycrystalline form, (2) the polycrystal- 
line material is purified to semiconductor quality, and (8) the purified 
polycrystalline material is converted into single-crystal form. Single 
crystals may be grown by the Czochralski technique or by epitaxial 
processes. Four types of junctions used in semiconductor devices are 
grown, fusion-alloy, diffused, and epitaxial. The reasons for the develop- 
ment of the various types of junctions has been the continual search for 
transistors of higher frequency of operation, greater power, and reduced 
costs. A chart summarizing the family of transistor types is in the Ap- 
pendix of this book. 


Problems 


6.1 Describe in detail the conversion of the raw materials into single- 
crystal germanium. 

6.2 Describe the float-zone refining process. Why must this process 
be used for silicon? 

6.3 Illustrate the required steps in making a grown p-n-p junction 
transistor. 

6.4 Explain the difference between the grown and rate-grown proc- 
esses. 

6.5 Illustrate the required steps in making a fused alloy n-p-n junc- 
tion transistor. 

6.6 Illustrate the steps required in the construction of an electro- 
chemical n-p-n transistor. 

6.7 What is the difference between a diffused-alloy and a double- 
diffused transistor? 

6.8 Describe the drift effect and discuss its influence on the alpha- 
cutoff frequency. 

6.9 What effect does gold have in semiconductor silicon? How can it 
be minimized? For certain applications, as in switching, the presence 
of gold in silicon may be an advantage. Why? 

6.10 Describe the constructional differences between the mesa and 
planar transistors. 

6.11 What is meant by passivation? List the benefits derived there- 
from, 

6.12 Describe the process of epitaxial growth. 

6.18 Describe the procedure for making a planar epitaxial transistor. 


Chapter 7 





Transistor Equivalent Circuits 


In the preceding chapters the physics of diode and transistor action was 
discussed at some length. We are now ready to study the transistor as a& 
circuit element. To achieve a complete understanding of transistor ap- 
plications, it is necessary first to develop an equivalent circuit for the tran- 
sistor. To this end we shall begin by making a comparison of vacuum 
tube and transistor amplifiers, after which we shall analyze the manner 
in which a transistor can best be represented by an equivalent circuit. 


Comparison of Vacuum Tube and Transistor Amplifiers 


In a vacuum tube, the plate current is controlled by a signal impressed 
across its grid and cathode; in the transistor, the collector current is 
controlled by the base-emitter signal. The above statement pinpoints 
the analogy between the transistor and vacuum tube. More specifically, 
the base of a transistor is analogous to the grid of a vacuum tube, the col- 
lector analogous to the plate, and the emitter analogous to the cathode, 
as illustrated in Vig. 7.1. 

There are three basic types of vacuum tube amplifiers: the common 
cathode, the common grid, and the cathode follower (common plate). 
Using the above analogy, we may classify a transistor amplifier by identi- 
fying the terminal of the transistor common to the input and output cir- 
cuits. This terminal is often referred to as the grounded terminal. 

Referring to Table 7.1, we see the common-cathode amplifier has its 
cathode common to both the input (grid) circuit and the output (plate) 
circuit. Its transistor analog, the common-emitter (abbreviated CE) 
amplifier, has the emitter common to the input (base) and output (cole 
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~ 
~ 





K 
(cathode) 





Fig. 7.1. Transistor analogy with a triode vacuum tube. 


lector) circuits. The same analogy holds true for the other two con- 
figurations, the common-base (CB) and the common-collector (CC) 
amplifiers. For simplicity, the biasing batteries have been omitted from 
the diagrams. 

It is to be noted that input resistance of the transistor amplifier is 
generally lower than that of a vacuum tube. This is not very surprising 
in view of the fact that in biasing a transistor, the emitter-base junction 
is forward biased, which is the same as forward-biasing a diode. Thus a 
relatively low input resistance is a characteristic of transistor amplifiers. 


The output resistance is approximately the same for both vacuum tube 
and transistor circuits. 


Four-Terminal Network 


A network may be conveniently represented by a block diagram, as 
shown in Fig. 7.2. Here, terminals 1-1 represent the input; terrAtivaly 2 
the output. Because of the four terminals present, such a configuration is 
designated as a 4-terminal network. It is also referred to as a 2-terminal 
pair or a 2-port network. The box in the figure may contain passive 
components such as resistors, inductors, and capacitors, and/or active 





Fig. 7.2. Four-terminal network. 
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components such as transistors. It is assumed that all the components 
operate in a linear manner. Linear operation implies that the current 
flowing through a component is directly proportional to the voltage im- 
pressed across it. This concept is important because an equivalent cir- 
cuit of an active device, strictly speaking, is possible only for linear cir- 
cuits. Where nonlinearities are present, the equivalent circuit is usu- 
ally not employed, in which case a graphical type of analysis is used. 
Let us connect voltage sources EZ, and FE, as in Fig. 7.2 to the input 


and output terminals, respectively. We may write the following equa- 
tions to describe the network: 


Ey 


Til, + P22 * 
Eg = rail, + rele 


(7.1) 


(7,2) 
In Kgs. 7.1 and 7.2, J; and J, are the independent variables, and E, and 
Eg are the dependent variables. The coefficients 711, 712, 721, and rao are 
called the resistance parameters of the 4-terminal network. 
The parameters are functions of the currents and voltages. For ex- 
ample, let Jz = 0 in Eq. 7.1. Solving for 711, we obtain 
iy 


114) 
I, 





(7.3) 
I2=0 : 
where the expression to the lower right of the vertical line indicates that 


/, = 0 for any value of EZ, and Z;. This type of notation is commonly 
used in the literature. 


If I; = 0, we obtain 








E 
ne = —_ (7.4) 
In Ii1=0 
Similarly, referring to Eq. 7.2, we have 
E 
Tai = an (7.5) 
I, In=0 
E 
129 = — (7.6) 
Iz \11=0 





ecause all the above parameters are ratios of voltage to current, they 
are resistances and are expressed in ohms. 


The reader should not entertain the idea that the above discussion is 


* Por a discussion of subscripts and their meanings, refer to Appendix. 


i 
I 
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Fig. 7.3. Measuring ru of a transistor in the CB connection. 


merely academic; it is, indeed, very practical! As shown in Fig. 7.3, a 
transistor in the CB connection, or configuration, becomes the 4-terminal 
network in the box. Terminals 2-2 are left unconnected; therefore [2 = 
0. If we measure F, and J;, their ratio becomes 71 (see Eq. 7.3). By 
similar sets of measurements all other parameters of a transistor can be 
determined experimentally. 


Transistor Equivalent Circuit * 


Let a transistor in the CB configuration be the 4-terminal network 
shown in Fig. 7.3. In this case, a circuit which satisfies Eqs. 7.1 and 7.2 
would be the equivalent circuit of the transistor in the CB connection. 
One arrangement is shown in Fig. 7.4, where ri2l2 and rj2J1 are the in- 
ternal voltage generators of the circuit. 

A circuit equivalent to Fig. 7.4 is that shown in Fig. 7.5. That the 
circuit of Fig. 7.5 is equivalent to Fig. 7.4 may be verified by writing volt- 
age equations for the meshes of Fig. 7.5. The resulting equations will be 
identical to Eqs. 7.1 and 7.2. A better insight into transistor operation 
may be obtained by expressing the resistances of Fig. 7.5 in terms of the 
actual parameters of the transistor, as follows: 


* The derivations of equivalent circuits of transistors as presented in this book require 
only a knowledge of elementary algebra. 





Fig. 7.4. An equivalent circuit of a transistor in CB connection, 


f 
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Fig. 7.5. Another version of Fig. 7.4. 


Oe (7.7) 
= "13 (7.8) 
se RET (7.9) 
Tm = 121 — T12 © are (7.10) 


where r, = emitter resistance 
rp = base resistance 
’e = collector resistance 
Tm = ‘Mautual resistance 
a = current gain of transistor in CB configuration 


ll 


We also can let H, = E., the emitter voltage; FE, = E,, the collector 
bhi i= I e, the emitter current; and J, = J,, the sllentne current 
Ve then obtain the frequently used r-equivalent-tee circuit for the tai. 
sistor in the CB configuration, as shown in Fig. 7.6. We shall use thi 
equivalent circuit in the next section to derive expressions for volt . 
gain, current gain, etc., for a transistor amplifier. ce 





Fig. 7.6. The r-equivalent tee circuit. 
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Performance of a Transistor Amplifier 


When specifying the performance of an amplifier, we may be interested 
in any of the following quantities: 


Voltage gain, A. 
Current gain, A; 
Power gain, Ap 
Input resistance, 2; 
Output resistance, Ro 


It should be mentioned that instead of input or output resistance, in- 
put or output impedance generally is specified. In this chapter, however, 
we are assuming that the transistor is operating at relatively low fre- 
quencies and therefore all reactances may be neglected. For this reason 
we shall use the term resistance instead of impedance. 

Figure 7.7a shows an n-p-n transistor connected as an amplifier in the 
CB configuration. Resistor R, represents the resistance of a source or of 
a previous transistor stage and R,; is the load resistor. Figure 7.7b shows 
the equivalent circuit of the amplifier. A p-n-p transistor may be used 
as well—the only difference being in the manner of biasing the transistor. 
The equivalent circuit is the same for n-p-n and p-n-p transistors. 

Note that the biasing voltage sources, Ecc and Epp, are not included 
in the equivalent circuit. The reason for this is that the equivalent cir- 
cuit is concerned only with a-c signals. The same would hold true for 
vacuum tube equivalent circuits. ‘ ti 

To solve the equivalent circuit of Fig. 7.7b for voltage gain, we multi- 
ply I, by Rx, thus obtaining the output voltage, and'solve for the ratio’of 
I.Rz/E,.. Thus an expression for the voltage gain is obtained: 





(b) 





Fig. 7.7.. The CB amplifier and its equivalent circuit. 


tty 
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T.Ry Ne aRy 


A, = 
E, ret (l—a)r, +R, 





(7.11) 


ae a is the current gain of the transistor for the CB connection 
an like fashion, the other quantities associated with specifying an am- 
plifier can be determined from the equivalent circuit. Thus 


A;=-a (7.12) 
A no 
eer re Aon +R, (7.13) 
R;=re+ (1 —a)rp (7.14) 
l1—ar 
Ro = Te (——~_) 
rotre + Rg cam 


ae minus sign for the current gain (Eq. 7.12) means that the output 
~ ector) current is 180° out of phase with the input (emitter) current 
e basic approximation made for Eqs. 7.11 through 7.15 is that r ts 
a greater than Rz;—which is a realistic approach 1 
e required steps for deriving the expression f i 
7.11) will now be illustrated. a eee 


g 


Eg ie (Ry fect role + rel (7.11a) 
2. Now going to mesh II 
O= (re +17 + Rilo + (ro + tm)Le (7.110) 


3. Solving Eq. 7.116 for 7, and substituting in Eq. 7.1la yields 
_ elte + 1» + Bx) + telte + to + Re) + rolre + Ra — tm)MLe 








—E, 
ro + 1m 
7.1 
4. Noting that 7, >> Ry, + 7s, we obtain oe 
cee Rete + the + relte — Tm + Ri)le 

i ak (7.11d) 

5. Also, tm = ar,and ir, — tm = 1-(1 — a) > Rr 

es relRg + re + rol — ae 

E, OS (7.11e) 


are 
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(a) (0) 


Fig. 7.8. The CE amplifier and its equivalent circuit. 


6. Solving for J, 
—alkis 


I, (7.11f) 





ret (1 — ars + Ry 

7, Multiplying J, by Rx and noting that J, is in phase with Epo (Fig. 
7.7b) re 
vb esoal (7.119) 


= SE 
r+ (1 —a)rt+ BR, 


8. Dividing both sides of Eq. 7.11g by Es 


E oR 
Bee Aa ee ieee (7.11h) 
E, ret (i — ary + Rg 


Equation 7.11h is identical to Eq. 7.11. 
Figure 7.8 illustrates a transistor amplifier in the CE configuration, 


and its equivalent circuit. Similarly, the transistor in the common col- 
lector connection (emitter-follower) is shown in Fig. 7.9. The equations 
for voltage gain, current gain, etc., can be derived from their equivalent 
circuit in the same manner as for the common base amplifier. These 
expressions, and those for the common base, are summarized in Table 7.2. 





Rg T Te 
+ + - 
-V) tmle 
E - &) J 
t]—- feat 
Exp Ece 
(a) (b) 


Fig. 7.9. The CC (emitter follower) and its equivalent circuit, 
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Table 7.2. Equations for r-Equivalent-Tee Circuit 








Quan- 
tity: CB CE* CC* 
As aR, —BRt . 
“REG tR ATTA TR P 
t —-a B an 
Asin uf (+8) 
re+(1 —a)r5 + R, rot (1+ 8)re+ R, rae 
R; re + (1 — a)re rm+(1+8)re (1 + 6)(Ri +7) 
R, ‘ ‘2 nk. = Br. R 
(Sarre) © Se) ee 
a 
*32 = pos hye (where B appears in this table) 


Hybrid Equivalent Circuit 


It should be emphasized that we can derive other equivalent circuits 
or the transistor than the r-type discussed above. Thus, referring to 
nes peahae of Fig. 7.2, if we now choose J; and Fy as the 
independent variables, making J. and FE, the dependent variabl 

write the following two equations: eo 


By = hil, + hike (7.16) 
Ig = hail; + heoHe (7.17) 


5 in etna hii, Ai2, he1, and hgg are the hybrid parameters * of 
he transistor. Using Eqs. 7.16 and 7.17 and proceeding i 
manner as before, we obtain » . ils 











KE 

hy = = (7.18) 
qi E2=0 
Ey 

hig = — 
Bless (7.19) 
i 

sr) Seats (7.20) 
qT; E2=0 
I; 

hog = — 
i ts (7.21) 





* The hybrid par: : sasha 
setae parameters are the ones most commonly used in specifying transistor 
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The unit for hi; is ohms; hi2 and hy) are numerics, that is, they are simply 
numbers; heg is a conductance, and its unit is mhos. Note that hei hiy “ilk: 
(Eq. 7.20) is equal to a. A circuit which satisfies Eqs. 7.16 and 7 17 is 
given in Fig. 7.10. This is the hybrid equivalent circuit for the transistor 
in the CB connection. Here, higH, is an equivalent voltage source and 
ho1, is an equivalent current source arising from the internal action of 
the transistor. 

The equations for voltage gain, etc., for a CB transistor amplifier of 
Fig. 7.11a can be derived from its hybrid equivalent circuit of Fig. 7.110. 
The expressions are given below: 


—hRt 





() 


Fig. 7.11. CB amplifier and its hybrid equivalent circuit. 





A, = 7.22 
hia + A*R1 a 
A; = __ fa (7.23) 1. Referring to Fig. 7.11b, we may write the following equations: 
hooky, + 1 Es = hal + hyoH 2 (7.22a) 
hoy?Ri —E#. ‘ 
A. = ———_—_ = 7.24 Ty eee ah 
> Gi + APR) (haan + D c- 2p = Maas + haul (7.22) 
va AYR, + his cal 2. Solving Eq. 7.22a for J, and substituting in Eq. 7.226, we obtain: 
hooRrt + 1 Es, — hE 
=e 
hi tk hit 
= (7.26) _R 
A" + hooks and isk SYS 2 Ey — hy2K2 
Ri ghee + her | ————— (7.22c) 
where At = hishee cane higher (7.27) ; , 11 
te 3. Solving Eq. 7.22c for F2: 
R, = source resistance, ohms ee RE 
and ho, is normally specified as a negative number (hithog — higher)Rr + hii (7.22d) 


4. Dividing Eqs. 7.22d by E, and letting hijhe2 — high: = A”: 


Ey _ pis —ha Ry 
E, MR, + hy 
Kquation 7.22e is identical to Eq. 7.22. 
Almost all manufacturers express the parameters of a transistor in 
terms of the hybrid or h-parameters. The circuit employed for measurin; 
(hese parameters is the common-base configuration. This type of vicoait 
is very stable and permits accurate measurements. 
The Hybrid Circuit for CE and CC Connections. The hybrid equiva- 
lent cireuit of Fig. 7.10 can also be used for the common emitter and com- 
mon collector configurations by defining the h-parameters for these con- 


To illustrate the use of the hybrid equivalent circuit, iq. 7 .22 will be 


derived. 
(7.22e) 





Fig. 7.10. Hybrid equivalent circuit. 
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Table 7.8. h-Parameters 





Parameter CB CE CC Name 
Ay hiv hie hic Input resistance 
his hr Nre lire Voltage feedback ratio 
hoy hyp hye hye Forward current gain 
hae hob hoe has Output admittance 





figurations in terms of hy1, etc. To distinguish these parameters for the 
three configurations, we shall let hi; = he for the CB; hit = hie for the 
CE; and hy = hice for the CC. The same notation system is used for 
the other parameters. These notations are summarized in Table 7.3. 
The h-parameters for the CE and CC circuits in terms of the h-param- 
eters for the CB configuration are given in Table 7.4. 

To summarize the preceding section, we can use the same hybrid equi- 
valent circuit for the CE and CC configuration as for the CB. We can 
do this because the h-parameters for the CE and CC are defined in terms 
of the h-parameters of the CB. Since we are going to use the same equiv- 
alent circuit for all three configurations, we can employ the CB equations 
(7.22 to 7.26) for determining voltage gain, current gain, etc., for all 
configurations. For example, for the CE amplifier of Fig. 7.12a we can 
draw its hybrid equivalent circuit of Fig. 7.12b. This is identical with 
that of Fig. 7.10 for the common base, except that hie is used in place of 
hi1; hre is used instead of hy»; etc. The input resistance, R;, is expressed 
as follows: F 

a ARr + hie (7.28) 
hock, + 1 





(a) (0) 


Fig. 7.12. CE amplifier and its hybrid equivalent circuit. 
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Table 7.4. h-Parameters for CB, CE, 























CC Circuits 
CB CE CC 
Nimhe hoe hee ce 
1+ hoy “1+ hax 
At —h 
iz =I ve & = & 
2 ; 1 +ha hee 
ah a 
ha =hp hp = : 
10ST che Ags ska HES I 
ne hee hee hoo & hee 
1 + hai “1 + het 
where Ale = Ricloe — hyelre (7.29) 


These expressions are similar to those of Eqs. 7.26 and 7.27. 
If we desire to work with the r-equivalent circuit, conversions of h- to 
r-parameters are given in Table 7.5. 


Table 7.5. Converting h- to r-Parameters 


y= faz . 
hee ia 
hi hi —h 
re = hy —-— (Ath pgp aa 
11 hes (1 + hey) Tm Tas 


ILLUSTRATIVE EXAMPLE: To illustrate the application of the above ma- 
terial, a numerical problem will be worked out in detail. Suppose the 
amplifier of Fig. 7.13 is presented for the purpose of computing its 
voltage gain. We may proceed as follows: 





6 volts 22.5 volts 


Fig. 7.13, CE amplifier using a 2N332 transistor. 
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1. The first thing to do is to find the values of the transistor param- 
eters. Looking up the characteristics for the 2N332 (which happens 
to be an n-p-n silicon transistor) it will be found (Fig. 7.14) that the h- 
parameters are nominally given as: 


hi» = 43 ohms 
hyp = 1.5 X 10~* = 150 X 10° 


hop = 0.25 umhos (= 0.25 X 10—* mho) 


hye = 15 


Note that the manufacturer specifies hye instead of hyp. 
2. It is now necessary to find hie, hre, and Age. First, however, hei 
must be evaluated. Referring to Table 7.4, we find that 








—h 
hte = ———— 
i+ hat 
Solving for hoi, we obtain : 
—h 
ha =—— 
1 + hfe 
Substituting hye = 15, we have 
‘ —15 
hot = = +0.938 
14+ 15 


Electrical Characteristics: (25°C) 


(Unless otherwise specified Vex = 5 volts; 
Ig = —1 ma; f = 1 ke) ' 


Small Signal Characteristics Min. 
i 


Nom. 


Current Transfer Ratio By Ge 16 22 

Input Impedance r yy 80 48 80 ohms 
Reverse Voltage Transfer Ratio .; hrs 328 1.5 5.0 8 6<10% 
Output Admittance hoo 0.0 nF 


Fig. 7.14. Characteristics of 2N332 
(From G.E. Transistor Handbook, No. 5) 
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Now 
Kiss we ee (OS 6 
Pie 1 one ns 
hire _ - i ch 
1+ hey 
A” = Iithes — Aisha 
= 43 X 0.25 K 10~® + 150 XK 10~* x 0.938 
= 10.75 K 10~* + 141 X 10~® = 152 x 107% 
Hence 
‘ 152 X 10~* — 150 x 10-® 
i ouen 32.3 X 10 
se hoo 7 0.25 X 107% 4 ‘4 
iki 1-bus ee 
Summarizing, we obtain 
hie = 694 ohms 


Rre == 32.3 X 10~° 
hye = 15 
Roe =4X 10~® mho 


meet a now prepared to calculate the voltage gain with the aid of 
ogy 
hie + A*Rr 
Computing A”*, we obtain 
Ah = hiloe — Nrehye 
= 694 X 4 x 10~* — 32.3 x 10-* X 15 


= 2770 X 10~® — 485 x 10~* = 2285 x 10~® 
‘Therefore, 
—15 X 2000 


i 15 X 2000 
604 + 2285 X 107° 7 


694 


= —43,2 


ee a ee 





ee ee ee 
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The negative sign indicates a 180° phase shift of the output (collector) 
voltage with respect to the input (base) voltage. 

It would be instructive to perform gain calculation using the equation 
based on the r-equivalent circuit. Refer to Table 7.2, noting R, = 0. 


rae —@6Ri 
re t+ A + B)re 


rp, Te, and 6 have now to be evaluated. Consulting Table 7.5, we find that 


hig 150 X 107° 


— = —————_ = 600 ohms 
eg 1 025 < 107° 


Ty = 


h 
nin — na (1 + ho) = 43 — 600(1 — 0.938) = 6 ohms 


22 
B = hye = 15 


Hence 
—15 x 2000 —15 X 2000 _ 


e SS —eeeFS —43.1 

600 + 6(1 + 15) 696 

This is an excellent agreement with —43.2 found from the equation 
based on the hybrid equivalent circuit. 


Summary 


There is more than one way of deriving an equivalent circuit of a 
transistor. Based on the 4-terminal model, the type of circuit obtained 
is a function of what we choose as the independent variables. If I, and 
Ty are independent variables, the r-equivalent-tee is the result. Letting 
I, and E, be independent, the hybrid circuit is obtained. Nearly all 
transistor data are expressed in terms of the hybrid parameters based on 
the CB circuit. The same set of equations for gain, input resistance, et¢., 
can be used for the CE and CC configurations, as well as for the CB, by 
defining their h-parameters in terms of the h-parameters for the CB, 
It must always be remembered that any equivalent model is valid only 
for linear operation. 
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Problems 


7.1 Using E, and E as independent variables, derive a set of equa- 
tions for the 4-terminal network of Fig. 7.2. What are the units of the 
coefficients? Draw an equivalent circuit that satisfies these equations. 

7.2 Using Ey and I, as the independent variables, repeat Prob. 7.1. 

i ee that Fig. 7.5 is equivalent to Fig. 7.4. 

: ssuming that r, >> RF, derive the equati i 

‘ects Coe quations for the CB amplifier 

7.5 Repeat Prob. 7.4 for the CE amplifier. 

7.6 Repeat Prob. 7.4 for the CC amplifier. 

7.7 Derive Eqs. 7.22 through 7.26 for the hybrid equivalent circuit. 

7.8 Verify the h- to r-parameter conversions of Table 7.5. 

7.9 For the CB amplifier of Fig. P7.9, determine A,, A;, Ap, R;, and R,. 
hi = 50 ohms; h,, = 5 X 107+; hry = —0.98; hop = 10-6 mba: ; 


1K 





2 volts 10 volts 


Fig. P7.9 


7.10 Repeat Prob. 7.9 for the CE amplifier of Fig. P7.10. 





2 volts 10 volts 


Fig, P7.10 
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Using Transistor 





Characteristic Curves 


2 volts 






Fig. P7.11 


2. Find the value of R required so the input 


7.12 Consider Fig. P7.1 ie = 3000 ohms; hye = 


resistance across terminals ab ‘ 10,000 ohms. A 
50; hoe = 20 umbos; hre = 10°". i x . 
Characteristic curves of a device provide graphical information relating 
to the operation of the device over a wide range of applied voltages and 
currents. They also reveal the manner in which these voltages and cur- 
rents change with an impressed signal. Figure 8.1 illustrates the familiar 
plate family of curves for a triode vacuum tube. Each characteristic 
curve is drawn for a different value of grid-bias voltage, E,. This is re- 
peated for other values of grid bias, and a family of curves is generated. 
The characteristics of a tube also can be described by other sets of curves. 
One such set is the transfer characteristics of Fig. 8.2, where plate current 
is plotted as a function of grid voltage for a given value of plate voltage, 
Nyy. The fixed quantity (grid voltage for the plate family and plate volt- 
age for the transfer curves) is called a parameter. 

Characteristic curves are also used to describe transistor operation. 
lor example, the voltage gain of an amplifier or the h-parameters can be 
graphically determined from these curves. Each of the three transistor 
configurations—common emitter, common base, and common collector— 
has its own set of two characteristic curves. This means that six charac- 
teristic curves are available for graphically determining the parameters 
for all three configurations. The problem is simplified by recalling that 
(the common emitter configuration is the circuit most often used and also 
that the transistor is invariably described in terms of its h-parameters. 
We will therefore direct our attention to the graphical determination of 
the hybrid parameters for the common emitter configuration. The same 
techniques can then be applied to the other two (CB and CC) configura- 
tions. 


R 





3 volts 20 volts 


Fig. P7.12 


7.13 Two emitter followers are connected as shown in Fig. P7.1 


: ; ; b. 
Derive an expression for the input resistance across terminals a 


Ecc 


500 2 


Fig. P7.13 
121 
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Average plate characteristics 





Ey = rated value 


30 





20 


ip, current in milliamperes _ 





ee 
oO 





0 100 ~—S—«200 300 400 500 
ep, plate voltage 


Fig. 8.1. Typical plate family of curves for a triode vacuum tube. (6BJ8, Sylvania 
Electric Products, Inc.) 


Plate current 





=o Grid voltage 


Fig. 8.2. Transfer characteristics of a triode vacuum tube. 
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Basic Terminology 


The collector family of curves for a CE connected transistor is illus- 
trated in Fig. 8.3. Collector current, 7,, is plotted as a function of col- 
lector voltage, e,, for different values of base current, J}. Compare these 
curves with the set of curves for the triode of Fig. 8.1. Note the anal- 
ogies between collector and plate currents, collector and plate voltages, 
and between base current and grid voltage. Base current biases a tran- 
sistor in the same manner that grid voltage biases a vacuum tube. 

It is now necessary to discuss the meaning of the slope of a curve. 
Consider the straight-line graph of Fig. 8.4a. The slope is defined as 


A 
slope = (8.1) 
Az 


where Ay and Az are small changes in y and z respectively. The slope is 


6.25 






2N64 
Common emitter 





‘2 
iia 
a 
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I 
a 
i_aa/ 
#250 = 
1,25 


eR 


\ 
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Collector volts 


Vig. 8.8. Collector family of curves for a CE connected transistor. (Tung-Sol 
Wleetrie Co.) 
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(a) 


Fig. 8.4. Slope of a curve. 


the same at all points along this curve, that is, the slope is a constant for a 
traight line. 
j "The curve of Fig. 8.4 is not a straight line. The slope at point A q 
greater than at point B. For this curve, the slope is different at eac 

int along the line. 
The sone of a point on a curve is obtained by drawing a line a 
to the point and measuring the slope of the tangent in the no a 
scribed above. In practice, however, the following approximation, W1tD- 
out the need of drawing a tangent, may be used: 
Consider Fig. 8.5. Assume the slope at point A is to be found. 


_ Choose point B close to point A. 


. Draw triangle ABC. , 3 
. The slope at point A is approximately equal to BC/AC = Ay/A® 


The closer B is taken to A, the better the approximation. 


Find the slope at point A on the curve of Fig. 8.5. 


RWwWNe 


or 


EXAMPLE 8.1. 





0 eis ti 


Fig. 8.5. Approximate determination of the slope at point A on the curve, 
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Solution. At A, x = 1 and y = 10. Choose point B close to A, say 
at x= 1.5 and y = 20. For those values, Ay = 20 — 10 = 10, and 
Ar = 1.5 —1=0.5. Hence the slope is 


Graphical Determination of the h-Parameters 


It was pointed out in Chapter 7 that hybrid parameters are normally 
used to characterize a transistor. Applying the slope concept to the 
hybrid expressions of Eqs. 7.18 through 7.21, we can obtain graphically 
the small signal (or a-c) hybrid parameters. These quantities are the 
ones usually specified in manufacturers’ data sheets. 

Output Admittance, h,-. In terms of slope the output admittance 
may be expressed as 

Ate 
hee = — (8.2) 
Lec lin* 

Let us find h,. for the 2N77 transistor of Fig. 8.6, operating at a base 
current of 150ya and a collector current of 8 ma. This corresponds to 
point A, which is our starting point. By selecting point B to give a 
small yet readable value of BC, we obtain the following: 


1. BC = Ai, = 0.2 ma. 
2. AC = he, = 2 volts. 
3. Roe = At,/Ae, = 0.0001 mho = 100 umhos. 


Where the curve is substantially straight it is not necessary to resort 
to small changes of voltage and current in determining the slope at a 
given point; the slope of a straight line is a constant at all points. Thus, 
referring again to Fig. 8.6, and utilizing the straight line portion of the 
curve, we choose point D instead of B. The result obtained is: 


1. Ai, = 0.6 ma. 
2. Ae, = 7 volts. 
3. Noe = 0.0006/7 = 85.7 umhos. 


This value of ho. = 85.7 umhos may be considered to be more accurate 
than the former value of 100 umhos because less error is present in read- 
ing the larger current and voltage changes from a straight line. 

* The ty to the right of the vertical bar indicates that the base current is held constant 


during the measurement of hoe. This notation is used for other parameters where a 
particular variable is held constant. 
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ee ae Common emitter circuit, base input 
Pa a's 


Ambient temperature = 25°C 
mee ee hE 
Ae PE 
(ge oa a 
° SRE pol {tt 

ime SR, roy ce 
a 


ASRS eS ee 
gr am msc OO 


CT rnlegont= St 4 
GC co 
pil oa ea 

2A A Miley 1 a 
Pat Lk kote 


0 -2 -4 -6 —g -10 -12 -14 —16 -18 
Collector-to-emitter volts 































Collector milliamperes 





























Fig. 8.6. CE collector characteristics of a 2N77 transistor (RCA). 


Forward Current Gain, hy,. The forward current gain is expressed as 


follows: : 
Ate 
hye = — (8.3) 


Atp lec 


This parameter is frequently referred to as 8 (beta). 

The forward current gain also can be determined from the collecto 
characteristics of Fig. 8.6. The e, to the lower right of the vertical bar 
in Eq. 8.3 indicates that the collector voltage is held constant during t 
measurement of hy.. This is represented in Fig. 8.6 by the dashed vert: 
cal line through point A (¢ = 3 volts). The collector current at point 
is8ma. Now, atachosen point, E, where the collector current is 10.3 ma 
the net change in collector current between points A and FE is At. = 2. 
ma. 

The corresponding change in base current is found as follows: At poin' 
A, the base current is 150 ya. The base current at HZ is 200 ya. 1 
change in base current, Al}, is therefore 200 wa — 150 wa = 50 pa. 
current gain 18 2.3 x 1073 


hi Me tedelabianeie wi 
te 50 X 107° 
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Input Resistance, h;,.. The input resistance is defined as follows: 


h Aes 

dae 91a (8.4) 
ria parameter may be obtained from the base family of curves shown 
as ig. 8.7. Here, the base-emitter voltage, ey, is plotted as a function of 
_ current, %, for different values of collector voltage, e,. These 
: aracteristics are not always included in data sheets. The ie may ob- 

ain these curves by making suitable measurements for different collect: 
voltages. . ‘i. 
ie that the input resistance is determined at point A (for a col- 
mes . Riise = 10 volts). Point B is chosen as before and triangle 
is formed. Here, Ae, = 0.223 — 0.220 = 0.003 volt, and Ai, = 
110 — 100 va = 10 pa. Hence, uae 


nd Role 
10 X 10-* 


Voltage Feedback Ratio, h,.. 
pressed as follows: 


= 300 ohms 


te 


The voltage feedback ratio is ex- 


Ae 

hre = —— 
soars , (8.5) 
The base current, tb, is held constant during this measurement. Refer- 
ie to Vig. 8.7, let y= 100 ya, and point A be selected. Point D is 
then obtained at the intersection of the vertical line and the e, = 20 


volts curve. Here, Ae, = 20 — 10 = 10 
= 10 volt = - = 
0.01 volt. Thesatake, 4 ee 


e¢ = 20 volts 










ec = 10 volts 






e, = 0 volts 


0 100 wa 110 ya 
Base current 


Fig. 8.7, Base family of curves. 
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The procedures just described may also be applied in the determination 
of the h-parameters for a transistor in the common base and common 


collector configurations. 


Graphical Determination of Gain 


Collector characteristics also can be used for determining, among 
other values, the gain and power output of an amplifier. Consider the 
single transistor common emitter amplifier of Fig. 8.8. The collector- 
emitter circuit consists of load resistor Ry, and supply voltage Ecc. Re- 
sistor, Rg, in series with a biasing voltage source, Exp, provides the qui- 
escent base current for the amplifier. Capacitor C isolates Hgz from 
the signal source, és. To determine graphically the voltage gain of the 
amplifier, a load line must first be drawn on the collector family of curves 
as shown in Fig. 8.9. The manner in which it is constructed will now be 
explained. 

Applying Ohm’s law to the collector circuit of Fig. 8.8, we obtain the 
following equation: 

Eca = tke + Cc (8.6) 


When e, is set to zero, 
Ecc 


‘== 8.7) 
“i 8.7) 
Referring to Fig. 8.9, we determine one point (A) on the load line, 

Setting 7, = 0, we have 
e, = Ecc (8.8) 


which is the second point (B) on the line. Connecting points A and B 
gives us the load line for resistor Rz, and enables us to obtain any vali 
of collector current for given values of collector voltage e, and base curt 


rent Ip. 





Ecc = 15 volts 


Fig. 8.8. Single-stage CE amplifier. 
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ig. 8.9. Superimposing load line on the collector family of curves 


Th ‘ : 
* sp gee ee of Sa amplifier of Fig. 8.8 is found graphically 
= 3K, Loc = 15 volts, and Jg = 15 wa. The load line i bi: 
: ine is § - 
er tat collector family of curves (Fig. 8.10) by the ‘acs ae: 
sey sas Ati, = 0, €e = 15 volts; ate, = 0,7, = 15/3K = 5ma 
Ps mts ae wave signal is assumed to be e, = 0.5 volt rms From 
rae ¢3 ie paved ty ety which is not shown here, it was found 
0 a peak-to-peak base cu i 
‘A ; ) rrent swing of 10 wa. 
P oe eae agi: eee point (Q point) is obtained from the APNE TIN 
oe tpt e: the Iz = 15 wa curve. This gives a quiescent col- 
a . .3 volts and a quiescent collector current of 2.6 ma 
Piri cure he Gr swing is 10 wa, we measure off 5 ais 
ove = 20 wa) and 5 ua bel 
ua) the Q point. This gi Sean genni iets 
é : gives the base iti 
o th input sevareinn Fant eae values at the extremities 
ree perpendicular vertical lines from points B and C to the hori 
: ‘ by gives the peak-to-peak collector voltage swing, H = 
ar a awing horizontal lines from points B and C to the Fortieal ta 
yie s the peak-to-peak collector current swing, J ° 
he peak-to-peak voltage swing is — 


rd Digi 


ye op 
max Emin = —8.9 —(—5.7) = —3.2 volts 
Th . 
erms value is 0.707 X 3.2/2 = 1.13 volts. The voltage gain is therefore 
1.18 


05 = 2,26 
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Power output, P., of an amplifier is equal to the product of the rms 


output voltage and current swings. The rms voltage swing is 





i max — nin 
2/8 (8.9) 
For the current: 
E max — I min 
7 Cc oc eal, ava 
om 
‘ Combining Eqs. 8.9 and 8.10, we obtain the following expression: 
H 
re (Emax nat Emin) anes —_ I min) 
6 5 P ooo (8.11) 
i 
84 


EXAMPLE 8.2. Figure 8.11 depicts the resulting current and voltage 
maximum and minimum values for an input signal of 1 volt (peak-to- 
peak value = 40 ma) and Jz = 40 ma. Find: (a) Voltage gain; (b) Cur- 
rent gain; (c) Power output. 





Q/ 


0 -10 -15 —20 2.5 


Collector volts 


2N378 
Common emitter 














Fig. 8.10. Graphically determining the current and voltage gain for the CE amplifier 
of Fig. 8.8. (After Tung-Sol.) 





Collector amperes 


Obtaining the current gain is just as simple. With an I, of 2.6 ma, 
the peak-to-peak collector current swing is 
Tmax = TBs = Saye 2.1 = 1.0 ma 





Dividing this value by the input results in the current gain of the 








lifier, bein: 
ats . 1 xX 10-3 


10 x 10~° 


In the above example, it was not necessary to obtain the rms value 
the collector current swing because the input signal was already expre 


as a peak-to-peak value. 








= 100 





25 30 


Collector volts 


Vig. 8.11, Collector family of curves used in example 8.2. (After Tung-Sol.) 
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Solution: wy ee 
a) Emax = 12.5 volts; Emin = 9 VOUS; 
o therefore, Emax — Emin = 12.5 — 5 = 7.5 volts 









aes Load line, Rr 
0.707 2.68 
7.5 X cone = 2.63 volts; Ae = 1 2.63 


4 


Collector current 
Collector current 


(b) Imax = 1.4 amp; Tmin = 0.7 amp; 


Imax — Imin = 1.4 — 0.7 = 0.7 amp 
0.7 oe : 
a 0.04 oie Collector voltage 


Base current 
(a) (6) 


(c) Po = (Emax — Emin) (Imax — Imin)/8 = 7.5 X 0.7/8 = 0.66 watt 


Fig. 8.13. Obtaining the dynamic characteristic curve. 







ic Characteristics . 2 F Por , 
Dynamic Chara the input signal about the quiescent current and projecting points to the 


of i, vs. t for a given collector dynamic curve yield the output current waveform. 


, gists Jot 
The dynamic characteristic 1s a p . 
supply voltage, Hcc, and a load, Rr. (See Fig. 8.12.) This oa 
used by some to obtain an instantaneous picture re sacanhes me : f 
in which it is obtained is now described. 
base current. The manner In w escri ; 
Figure 8.132 illustrates the collector family of curves on which is a 
aed 8 The points of intersection between the load line 


EXAMPLE 8.3. For the collector family of curves and load line of Fig. 
8.14a, obtain the dynamic characteristics curve. 
Solution. Make the following tabulation of points A, B, C, etc.: 


: ed a load line, Rr. sie ‘ f 
and the I, curves are labeled A, B, C,etc. These points are then plotted : F zi 
in Fi Iting curve is the dynamic characteristic. Placing uml er 
in Fig. 8.13b. The resulting 4 17 a 

C 1.26 30 

D 0.96 20 
5 E 0.58 10 


The resulting dynamic curve is plotted in Fig. 8.14b. 


Other Curves 


Collector current 


Besides the collector and base families of curves, the manufacturer will 
frequently include other curves on the data sheet. Two examples of 
such curves are shown in Figs. 8.15 and 8.16. 

The transistor user is often concerned with the variation of a transistor 
parameter, such as hy,, with temperature. A graph of hy. vs. tempera- 
ture is illustrated in Fig. 8.15. In this example, hy, decreases with rising 
temperature, 


0 Base current ip 


Fig. 8.12. Dynamic characteristics of a transistor. 
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2N380 
Common emitter 



































0 
-60 —40 —20 0 20 40 60 80 100 
Tc, case temperature, °C 


Fig. 8.15. A plot of Aye as a function of the case temperature of a transistor. 
(Motorola) 


Summary 





The collector and base characteristics of a transistor permit the 
: graphical determination of the small-signal (or a-c) hybrid parameters. 
Collector voltage Voltage and current gain and power output may be obtained from the 

(2) collector family of curves. The dynamic characteristics, which are a plot 
of collector current vs. base current for a given collector supply voltage 
and load resistor, offer a visual picture of the collector current variation 
with the signal swing (base current). Greater use is made of the collector 


ic 
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Fig. 8.14. Determining the dynamic curve in example 8.3. 
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The value of a transistor parameter depends on its d-c operating point, Mica, 


Curves showing how hye depends on collector current for three oe 
transistors are given in Fig. 8.16. For these devices, it is observe 


Nig. 8.16. The variation of hy, with collector current for three specific transistors 
as collector current increases, hye falls off. 


(Motorola), 
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and base characteristics than the dynamic characteristics. The tech- 
niques described in this chapter apply to all three transistor configura- 
tions. 


Problems 


Note: The transistor curves used in the following problems will be found in the Ap- 
pendix. 


8.1 Determine graphically hye, hre, and h,. at e, = 40 volts and i, = 
2.5 ma, for a 2N398 transistor. 

8.2 Determine graphically hj. for the 2N398 at veg = 0.5 volt. 

8.3 The single-stage CE amplifier of Fig. 8.8 uses a 2N524A tran- 
sistor. Ecco = 20 volts, Ry = 0.5 K, and Ip = 0.4 ma. For a peak-to- 
peak signal of 0.6 ma, find: 

(a) Po. 

(b) Current gain. 

(c) Power gain. Assume the input resistance of the amplifier is 
200 ohms. 

8.4 Obtain the dynamic curve for the circuit of Prob. 8.3. Using this 
curve, make a plot of 7, vs. t» (Iz = 0.4 ma; peak-to-peak signal swing = 
0.6 ma). 

8.5 For the circuit of Fig. P8.5, find the collector current and col- 
lector voltage corresponding to base currents of 0.05 ma, 0.15 ma, 0.25 
ma, 0.3 ma, and 0.5 ma. Using these results, make plots of collector 
current vs. base current and of collector voltage vs. base current. Are 
the curves linear? 













5002 Relay coil 
R= 2500 
2N527A 2N524A 
qh 
Fig. P8.5 Fig. P8.6 
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8.6. Consider the circuit of Fig. P8.6. Determine: 
(a) The base current required for a relay current of 40 ma. 
(b) The collector-emitter voltage across the transistor for the condi- 
tion of part (a). 
8.7 Assume that the collector characteristics of the transistor in the 
circuit of Fig. P8.7 are straight, horizontal, parallel, equidistant lines. 
hye = 50. The quiescent point is Jz = 0, and Ecc = 20 volts. The 


mazimum possible collector current for a sinusoidal input signal is 200/x 
ma. Find: 


(a) The value of R. 
(b) The rms value of the input current, I. 


Ecc = 20 volts 


R 


Fig. P8.7 


8.8 Determine graphically the voltage gain for the circuit of Fig. 
P8.8. Assume the input resistance, R; = 1K. 


—20 volts 






2N527A 


Fig. P8.8 
















Chapter 9 





Biasing and Stabilizing 


the Transistor 


Biasing a transistor is the process of applying d-c voltages to the emitter- 
base and collector-base junctions in order to establish a d-c operating 
point for the device. As a result of the application of these voltages, 
specific emitter, base, and collector currents will flow. These are re- 
ferred to as quiescent currents; the voltages across the junctions are 
jescent voltages. a 
Me wasine is somewhat more involved than the biasing of a 
vacuum tube. In vacuum-tube applications, grid current is generally not 
permitted to flow, and therefore only the control grid bias voltage need 
be considered. Ina transistor, base current does flow and, in part, affects 
the bias network. This current represents the difference between the 
emitter current, [z, and the collector current, Jc, that is, Jz = In — Te. 
The base current, base voltage, collector current, and collector voltage 
comprise a total of four related bias values, which must be considered 
in all transistor applications. 
Although biasing circuits are somewhat different for common-emittery 
common-base, and common-collector configurations, the basic principles 
of biasing a transistor are the same for all configurations. The tech= 
niques of analysis of one type therefore applies to the others. In t 
chapter the discussion will be limited to the common-emitter case, 


188 


a 
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Fig. 9.1. Equivalent representation of a transistor showing it as two diodes con- 
nected back-to-back. 


Biasing Fundamentals 


A transistor, for the purpose of biasing, may be considered as two 
diodes connected back-to-back, with the base as the common junction. 
This is indicated in Fig. 9.1. Here we show a transistor in which the 
collector-base junction is represented by one diode and the base-emitter 
junction by a second diode. The transistor symbol as shown here is used 
for conceptual purposes. In subsequent diagrams conventional tran- 
sistor symbols will be used. 

In general the emitter-base diode is always biased in the forward or 
“on” direction. The collector-base diode, on the other hand, is always 
biased in the reverse or “back” direction. By tracing the circuit of F ig. 
9.1 around the base to the emitter, it is seen that battery Ezz makes the 
emitter positive with respect to the base. This forward-biases the p-n-p 
transistor shown. Now, Ecc has a greater voltage than Epp, there- 
fore the collector is negative with respect to the base; thus the col- 
lector-base diode is reverse-biased. For an n-p-n transistor the polarities 
of the respective batteries would be reversed; but this would not change 
the fact that the emitter-base diode remains forward biased and the col- 
lector-base diode reverse biased. 

Two batteries are used in the circuit of Fig. 9.1. The voltage across 
the collector-base junction is denoted as Vg, the base-emitter junction 
voltage is Vzz, and the collector-emitter junction voltage, as Vcz. The 
value of Rg, the base resistor, is high compared with the input resistance 
of the transistor. Hence the base current is essentially limited by Rg, or 


(9.1) 
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2N63 
Common emitter 








Collector milliamperes 








mon emitter circuit. 








Fig. 9.2. Self-biasing a transistor in a com 





Collector volts 


Self-Biasing the Transistor 
Fig. 9.3b. Common emitter characteristics for 2N63 p-n-p transistor 


The two-battery bias arrangement of Fig. 9.1, commonly referred to 
as fived bias, may be modified to use only one battery, as shown in Fig. 
9.2. In this circuit the transistor is said to be self-biased. To illustrate” 
how Rg and the operating point may be determined, consider Fig. 9.3a. 
A single battery circuit using a 2N63 p-n-p transistor isassumed. Circuit 
considerations dictate that the load resistor shall be 15,000 ohms. It is 


to the collector family of c i i 
bales Snes urves for the 2N63 transistor of Fig. 9.3b, we 





£E 
1 Max I¢ ie ns Ver = 0, 
Ri 


also desired to use a 15-volt source, and that the quiescent collector cur 
rent be 0.4 ma. The problem in this example is to determine the valu Hence, Ig = - 1 
? = eae 
16000 


of Rg that will establish the proper collector current, and to specify the 


quiescent value of base current, Ip, and the quiescent collector-emit 2. Max Voz = Ecc = 15 volts when Ig = 0 


3. a ba determined above are now plotted at points A (I¢ = 
ma, Vor = 0) and B (Vcg = 15 volts, J¢ = 0); and the load line 

; connecting points A and B is drawn. 
; is bah value of operating collector current (0.4 ma) is next 
ae : at point C and is transferred to the load line at point Q 
ase current, Jp, i i ) 
= nt, Iz, is read from the curve directly and equals 10 

5. In this case, 


voltage, Va. 
To do this, it is first necessary to draw a load line that determines t 


range of operation over the various available voltages. Thus, referri 


Eco © 
Re 
al Te (9.2) 


15 
Therefore Ee Bt ee ae 
» Rep 10 x10-% 1.5 megohms 


6. The quiescent collector volta : 
ge, Vcg at 
point E, Vea = —8.7 volts. Mien g is send from the curve at 





Ecc = 15 volts 


Fig, 9.3a, Example in self-biasing. 
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Point Q is the quiescent operating point of the transistor and satisfies 
the imposed conditions of the problem. The emitter-base diode is for- 
ward-biased. For the purpose of computation, we have assumed the 
base-emitter voltage, Vaz = 9. Actually, it is equal to the forward drop 
of this diode, and is approximately 0.25 volt for germanium and 0.7 volt 
for silicon at room temperature. These values are negligible compared 
to the value of Ecc = 15 volts. 


Temperature Considerations 


With respect to Fig. 9.1, the current that flows in the collector-base 
diode is made up of two components. One is the collector current, due to 
alg; the other is the collector saturation current, Igo, which is propor- 
tional to temperature. The total collector current is, therefore, 


Ig = Ico + alz (9.8) 


Ico is exponentially dependent on temperature. For germanium tran- 
sistors, it doubles for every 10°C rise in temperature; for silicon, it doubles 
approximately every 8°. If temperature compensation is inadequate, 
the increasing collector current due to temperature rise may heat t 
junction faster than the heat can be dissipated. Thermal runaway cou 
occur, and possibly destroy the transistor. 

Stability Factor. It becomes necessary during transistor operatio: 
to limit changes in Jc with respect to Ico so as to ensure stable operatio 
of the transistor. This process is known as temperature stabilization, 
A criterion for the effectiveness of temperature stabilization is t 
stability factor, S, defined as 


Alc 
Alco 


(9. 





where Ac = a small change in collector current 
Alco = a small change in reverse saturation current 


For the ideal case, S = 1. In practice, acceptable values for germani 
are § = 3 to 5, and for silicon, S = 8 to 11. 

Temperature compensation also provides compensation for ot 
variables, which may be aging of components and variations in 
ponent tolerances. 
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Current Feedback Stabilization 


paren’ Fig. 9.4, which shows a CE amplifier with Ry as the load 
resistor. Resistor R: id i i 
Sry ee 2 provides the quiescent base current as does Rg in 

We observe two additional resistors, 23 between base and ground and 
Ry between emitter and ground. The purpose of R, is to stabilize the 
operating point. This is accomplished as follows: 


1. Assume that the collector current i 
: ncreases b ise i 
ambient temperature. re 
Ae sire iba drop across #, increases, making the base more positive 
an before with respect to the emitter. This decreases the f i 
and reduces the base current, Iz. er 
3. A reduction of Iz results in a reduction of collector current. This 
neutralizes the previous temperature rise effect, thus maintaining a fairly 
stable operating (quiescent) point. Resistor R3 primarily serves as a 
return path between emitter and base. 


The above is an example of ‘‘current feedback,” because collector 
current variations fed back through R,; eventually result in these varia- 
tions being held toa minimum. Thus current feedback serves to stabilise 
sae re ais arte of a transistor against variations in temperature 

e stability factor for ilizati 
Psat i: sd current feedback stabilization may be ex- 
R,+ Rk, 


"Ri +(1—@)R, re 





Fig. 9.4. Current feedback stabilization. 
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where Rp = R2R3/(R2 + R;). Because @ is a number nearly equal to 
unity, Eq. 9.5 simplifies to i 
~ pats 
Sa1i+ R, (9.6) 
To obtain good stability, Ri should be high and R, should be low. 
There are, however, practical limitations to these considerations; if Rp is 
very much lower than the transistor’s input resistance, most of the input 
signal will be wasted across the bias resistance; on the other hand, too 
high a value for Ry will be wasteful as far as battery voltage is concerned, 
and will limit the signal swing. 
The stability factor for a nonstabilized circuit, such as is shown in Fig. 


9.3a, may easily be determined. Here, Ri = 0; Re = Rpg; and R3 = &. 
Therefore, Rp, = Ra, and 


S 


Rg 1 


“G-—a)Rs 1—a OG 





~ hye 


Hence, for an unstabilized CE amplifier, the stability is equal to approxi- 
mately hye. For instance, the forward current gain for a 2N63 is hye = 
25. This means that if [co increases py 0.1 ma, Jc would rise by 2.5 ma 
(0.1 X 25 = 2.5), which is excessive, and the quiescent operating point 


would indeed be unstable. 


EXAMPLE 9.1. For the circuit of Fig. 9.4, find the value of R,; for S = 
5 (a reasonable stability factor), R2 = 1.5 megohms, and Rg = 5K. 
Solution. Referring to Eq. 9.6, we have 


Ry 
S21+— 
Ry 


To find R; we insert the given values and obtain 


5K//1.5 megohms 5K 
Pip ary me = 1 +— 


Ry Ry 
Therefore 


5 
Ry = eg = 1.25K 


The insertion of a resistance in the emitter circuit can affect the de- 
sired quiescent point. In discussing the load line in Chapter 8 we 
sumed zero resistance in the emitter circuit. Insertion of resistance 
the emitter circuit is equivalent (as far as the d-c operating point is 
cerned) to increasing the load line resistance. This is shown in Vig. 9. 
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7 New load line 
2 representing R; + Ry 


O 
Ecc ec 


Fig. 9.5. Effect of emitter resistance, Ri, on quiescent operating point. 


Q1 represents the quiescent operating point of load line, Ry. Qs repre- 
si the quiescent operating point of the new load line Rz + Ry. 
- iy of a 1.25 K resistor in the emitter circuit effectively increases 
ee oad line from 15 K to 15 K + 1.25 K = 16.25 K. The increase in 
: oe is small, however, and may be neglected for design purposes. 
e calculated value of the emitter resistance works out to be com- 
ee to the load resistance, it becomes necessary to change either the 
ae ie a eo tled the transistor in order to satisfy the original circuit 
quirements. e solution i i i 
esa solution in this case usually becomes a trial and error 
, a-c signal operation, a by-pass capacitor should be placed across 
: a rs he prevent degeneration and its attendant loss in gain. This 
imilar to by-passing a cathode resistor in a ‘ 
nner elias vacuum tube amplifier to 
. Kas. 9.5 or 9.6, it is seen that a stability factor of unity is ob- 
ise when Rey =0. Current feedback stabilization becomes ideal for a 
Set) amplifier whose input is connected across a transformer. In 
t = case the d-c resistance of the winding is approximately equal to zero 
ohms, thereby making R3, and hence R,, equal to zero. 


Voltage Feedback Stabilization 


Another method of achieving bi ilizati i 
me g bias stabilization by employing ‘‘voltage 
feedback”’ is illustrated in ig. 9.6. A resistor, Ry, is connected eee 








146 Semiconductor Fundamentals: Devices and Circuits 





Fig. 9.6. Voltage feedback stabilization. 


i i dual func- 
he transistor. Resistor Rr serves a ual fu 
i cus be ting point and its stabilization. 


ion; i i bias for the d-c opera 

ba ne ewe bias and voltage stabilization are oa a 
explained with the aid of Fig. 9.7. Assume a load line and Serie 
point Q. The quiescent biasing current is Jp and the pene : a 
emitter voltage is Vca. Neglecting the base-emitter voltage, Vaz, 


voltage across Ry is equal to Vcg. The value of Rr is therefore: 


Vcq (9.8) 





——————— ee —— Oe 





Biasing and Stabilizing the Transistor 147 


Assume a rise in collector current because of increasing temperature. 
Point Q will move up the load line to point Q’. At the same time the 
quiescent collector-emitter voltage will decrease from Veg to Veg’. This 
new voltage across Ry causes a reduction in base current from its previous 
value of Iz. A reduced base current results in a reduced collector cur- 
rent. The net effect is to maintain Q at its original point. 

This type of stabilization is called ‘voltage feedback stabilization” 
because collector voltage variations fed back across Rr to the base main- 
tain the quiescent collector current constant. The stability factor for 
voltage feedback stabilization is 


Rr 


S=1 
Toe 


(9.9) 


Base resistor Fs, in this circuit, has an important function. It is possible, 
for a particular calculated value of Rp, to satisfy the stability factor, but 
the quiescent base current, Iz, may be excessive for the desired mode of 
operation. In this case the value of R3 is chosen to “drain off” the ex- 
cess base current. ‘To illustrate we introduce the following example. 


EXAMPLE 9.2. Refer to Fig. 9.6, and let the quiescent conditions be the 
same, that is, the collector voltage at point E be Vcg = —8.7 volts, and 
Ic = 0.4ma. To find Rp we establish that the current flow through Rr 
is Iz + Ip’ where Jp’ is the current flowing through resistor R3 (3K). 


Ip = 10 pa (from Fig. 9.36) 


* 


= 0.100 ma = 100 ya 
K 


Iz’ = 





Ip + Ip’ = 10 + 100 = 110 X 10~* amp 


Veg 8.7 


= = ———___ = 79K 
Ip +Ip' 110 x 10-° 





therefore Rr 


lor this example, S = 1 + 7% = 6. Because of the presence of resistor 
Rp, there will be some decrease of signal gain of the transistor amplifier. 


* The base-emitter voltage for Ge. 
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Sometimes a thermistor is used for resistor Rp. A thermistor is a 
resistor whose resistance decreases with rising temperature. Such an 
element is said to have a negative temperature coefficient. Referring to 
Eq. 9.9, we see that as Rr is decreased, the stability factor, 8, is an 
(Remember, the lower the value of S, the better the stabilization of . e 
operating point.) Thus, at elevated temperatures, a thermistor rest ts 
in a decreasing stability factor, or greater voltage feedback stabilization. 


Thermal Equivalent Circuit for Transistor 


Because semiconductors, at least those commonly used today, are 
temperature-sensitive devices, the problem of heat removal must be con- 
sidered. In the transistor, most of the power is dissipated at the collector 
junction. The parameter, which is of importance in terms of the heating 
in the device, is the junction temperature. This is the temperature in the 
immediate vicinity of the collector junction where most of the power is 
dissipated. In low-power transistors cooling of the device is pina 
by radiation. For power transistors the collector is generally Pi ; 
directly to the case, and heat is removed by conduction through a hea’ 

i the air. 
west consider the collector junction as the source of heat. The elec- 
trical analog of this heat is represented by a current source, labeled Pp 
A thermal resistance may be used to represent the resistance to the flow 
heat, and temperature will be analogous to voltage. Based on ‘a 
analogs, a thermal equivalent circuit is constructed, as shown in Fig. 9.8. 
The symbols in this figure are defined as follows: 
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Pr = current source (the analog being in watts) 
6; = thermal resistance from junction to case in °C /watt 
= thermal resistance from case to heat sink in °C/watt 
6q = thermal resistance from heat sink to ambient in °C/watt 


T; = junction operating temperature in °C 
T,, = case operating temperature in °C 

T; = heat sink operating temperature in °C 
T, = ambient temperature in °C 


For an electrical circuit, R = E/I. Thus, for Fig. 9.8, 


0 = (Ty — T.)/Pr (9.10) 


where Pr = total power dissipated in the transistor in watts, and 


0: = 0; + 0. + Ba (9.11) 


The use of Eq. 9.10 will be illustrated with a numerical example. 
EXAMPLE 9.3. Suppose the following is given on a transistor data sheet: 
6, = 600°C /watt 
Ta = 50°C 
Pr = 30 mw 


It is required to find the temperature of the junction. 
Solution. Referring to Eq. 9.10, we may write the following: 


T; = 6:Pr + Ta = 600 X 0.03 + 50 = 68°C 


Hence, the temperature of the collector junction is 68°C. It is important 
that the maximum temperature rating of the transistor is not exceeded. 
For germanium, it is usually 85°C; for silicon, 125°C. 

Manufacturers very often supply temperature derating curves, as shown 
in Fig. 9.9. This is a plot of allowable dissipation (in collector-base and 
emitter-base junctions) vs. ambient temperature in °C. For example, 
referring to Fig. 9.9, at an ambient of 25°C (room temperature) the 
transistor can dissipate about 175 mw. But at an ambient of 70 °C, the 
allowable dissipation is only 42 mw. This tells the user that the tran- 
sistor cannot be permitted to dissipate the same power at high tempera- 
tures as it does at room temperatures. 
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Fig. 9.9. Typical temperature derating curve for a transistor (Motorola). 


Summary 


In addition to providing the necessary bias current for establishing the 
quiescent point of a transistor we must also stabilize this point with re- 
spect to temperature. As a criterion, a stability factor, S = AIc¢/Al¢o, 
is defined. The lower the value of S, the better the stabilization. Two 
basic techniques are used to maintain the quiescent point fixed: current, 
and voltage feedback. With the aid of a thermal equivalent circuit of 
the transistor or a power-temperature derating curve, we can pre i 
the junction temperature of the device. 


Problems 


9.1 The quiescent operating point of a transistor is: Jp = 50 maj 
Veg = 10 volts, Jp = 3 ma. Find the value of the self-biasing resistor 
(Eco = 25 volts). 

9.2 Define, in words, stability factor. What are the possible maxim 
and minimum values of S? 

9.3 Explain how current feedback stabilization stabilizes the Q 
for decreasing temperatures. 
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9.4 Explain how voltage feedback stabilization stabilizes the Q point 
for decreasing temperatures. 

9.5 Derive Eq. 9.6. 

9.6 Derive Eq. 9.9. 

9.7 Equation 9.6 seems to say that if the emitter resistance R, =0 
the stability factor, S = «. Is this really true? Explain. 

9.8 Consider Fig. P9.8. Iz = 0.05 ma. 

(a) Find R, for S = 8. 

(b) Find Ro. 


Ecc =- 20 volts 








2N527A 


Fig. P9.8 


9.9 The circuit of Fig. P9.9 uses voltage feedback stabilization. 
Tz = 0.4 ma. Find the values of Rp and Rp for S = 11. Ver = 0.3 v. 


Eco = — 20 volts 


500 2 


2N524A 
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9.10 Consider Fig. P9.10, where a transformer is connected in the 
collector circuit of the transistor. Assume the d-c winding resistance is 
a Can voltage-feedback stabilization be used? Explain. 

(b) If current feedback stabilization is used, what value of emitter 

resistance is required for S = 5? oh 

(c) Foran Ip = 0.1 ma, calculate the value of the self-biasing resistor, 


Rz3. 





Fig. P9.10 


9.11 For the common base amplifier of Fig. P9.11, 2 = 0.9 and Ig 


9 ma. 
(a) Find the values of Ecc and Ezz. 
(b) Derive an expression for S. 





Fig. P9.11 


9.12 Calculate the thermal resistance of a heat sink, bua, where 
total dissipation of the device, Pr = 20 watts. 6; = 0.8 C/wams \ 
6. = 0.6°C/watt. The maximum junction temperature is 100°O; 
ambient temperature is 25°C. 





Chapter 10 


Transistor Amplifiers 


and Negative Feedback 


In this chapter we investigate how transistors are used in amplifier cir- 
cuits and study the principles of negative feedback. An amplifier is 
designed to “magnify” the amplitude of a signal to a desired level with a 
minimum of distortion. If voltage gain is of importance, the circuit is 
designated as a voltage amplifier. For those applications where current 
or power gain are of prime interest, the circuits are referred to as current 
and power amplifiers, respectively. Negative feedback in an amplifier 
is used to stabilize the amplifier against parameter changes, temperature 
effects, ete. Our discussion will emphasize audio amplifiers and feed- 
back; narrow-band (tuned) amplifiers will also be considered. 


Operation of Transistor Amplifiers 


Just as in vacuum tubes, a transistor can be operated as a class A, B, 
AB, or C amplifier. 

Class A Operation. In class A operation the transistor is biased so 
that collector current flows through a complete cycle of the input signal 
as shown in Fig. 10.1. In terms of the quiescent operating point (see 
lig. 10.2), Q: is chosen at the approximate center of the load line. 

Class B Operation. When operating class B, the transistor is biased 
at cutoff and collector current flows only during one-half cycle (180°) 
of the applied input signal as illustrated in Fig. 10.3. The bias point 
for this mode of operation is shown in Fig. 10.2 as point Qo. The ad- 
vantage of class B over class A is its greater efficiency, since little or no 
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amplifier 






Collector 


ns. current 
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Fig. 10.1. Class A operation assuming no phase inversion. 


ic 


Qi: class A 
Qo: class B 
Qs: class AB 
Qu: class C 
Q 
Q3 
Qe Ih= 0 
0 Eco Q& Se 


Fig. 10.2. Relationship between the quiescent point and class of operation. 
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Fig. 10.3. Class B operation, 
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Fig. 10.4. Class AB operation. 


collector current flows unless a signal is present. Class B amplifiers are 
generally used in push-pull circuits, which will be described later. 

Class AB Operation. In this class of operation, the operating point, 
Q3 is located between points Q; and Qs. Collector current flows for an 
angle greater than 180° but less than 360° of the input signal (Fig. 10.4). 
Class AB operation is most often used in push-pull amplifiers. 

Class C Operation. When the transistor is biased beyond cutoff 
(point Q4 in Fig. 10.2), class C operation results. Collector current flows 
for an angle less than 180° of the input signal (Fig. 10.5). Class C opera- 
tion is usually reserved for tuned amplifier and oscillator circuits. 


Choosing Class of Operation 


For the purpose of forming a basis of comparison for the different 
classes of operation, we may define a collector circuit efficiency (n) as the 
ratio of the a-c output power to the d-c input power: 


n = Po/Pac (10.1) 


where P, = a-c power output 
Pa. = d-¢ power input 











360" 4 Class C 
amplifier 
Input Collector 
signal current 
Fig. 10.5. Class C operation. 
——_ = ee Se ee ee ee ee ee ee ee —— —s 
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The maximum collector circuit efficiency for each class of operation is 
listed below: 


Class A (load connected in collector circuit): 25%. 
Class A (load transformer coupled) : 50%. 

Class B: 78.5%. 

Class AB: Greater than 50%; less than 78.5%. 
Class C: Greater than 78.5%. 


Class A is always employed for single-ended operation of audio ampli- 
fiers. This type yields a minimum amount of distortion. Classes B 
and AB are normally employed for push-pull operation. Class C is 
never used for audio work; this mode, because of its high efficiency, is 
employed in tuned amplifier circuits (for example, the final power stage 
of a transmitter) and in oscillator circuits. 


Cascading Transistor Amplifier Stages 


Up to this point we have examined the transistor audio amplifier on 
the basis of single-stage operation. In practice, however, we usually 
find it necessary to cascade (couple) two or more amplifier stages to meet 
a given gain requirement. The overall gain (assuming linear operation) 
then becomes the product of the gain for each cascaded stage. There 
three basic methods of cascading transistor stages: (1) Direct (DC) 
coupling; (2) RC coupling; (3) Transformer coupling. Each of th 
techniques will be explored. 

Direct-Coupled (DC) Amplifiers. In direct-coupled amplifiers, t 
collector of one stage is directly connected to the base of the succeedi 
stage. An example of such a circuit is given in Fig. 10.6. Direc 
coupled amplifiers are required where it is necessary to amplify d-c 
very low frequency signals. These circuits are quite sensitive to chan 
in the d-c operating (quiescent) point of the transistor. 

Referring to Fig. 10.6, suppose the d-c collector-emitter voltage 
transistor Q, changes (because of internal circuit changes) by 0.1 v 
(no input signal being present). Let the voltage gain of the second s 
containing transistor Q be 20. The change in the output voltage of 
will therefore be 0.1 X 20 = 2 volts. To the load resistor, Rr, 
2-volt change could just as well have been the result of applying an 
propriate input signal to the amplifier. Thus an erroneous change 
output results with no input signal present. There are sophisticate 
techniques for stabilizing DC amplifiers, but they are beyond the 
of this book. 
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Fig. 10.6. An example of a two-stage d-c amplifier. 


Resistance-Capacitance Coupled (RC) Amplifiers. Resistance-capaci- 
tance coupling is the most common method employed for cascading 
transistor stages in an audio amplifier. The reader probably recalls that 
this also holds true for vacuum-tube amplifiers. Figure 10.7a shows an 
example of a 2-stage RC coupled amplifier. The coupling capacitor, C 
isolates the d-c at the collector of Q, from reaching the base of Qo bat 
permits the a-c signal at Q, to get to the base of Qo without girioun 
attenuation. RC coupling affords an efficient and economical means of 
cascading stages. 

An important consideration of an audio amplifier is its bandwidth 
Bandwidth is defined as the difference between the upper and lpwar 
—8-db points (Fig. 10.7b). The upper —3-db point corresponds to fre- 
quency (fx), where the gain of the amplifier is 0.707 the value of the gain 
at midfrequencies (about 1000 cps). Likewise, the lower —3-db point 
refers to frequency (f;,), where the gain is 0.707 the midfrequency value. 





Fig. 10,7a. A two-stage RC coupled amplifier. 





158 Semiconductor Fundamentals: Devices and Circuits 


Gain 


3p —— en 


| 
. 
| 





tt fy Frequency 


Fig. 10.7b. Bandwidth of an amplifier. 





Fig. 10.7c. Midfrequency equivalent circuit. 
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The —3-db points are often referred to as half-power points. For con- 
venience of analysis, we can draw three equivalent circuits of an RC 
coupled amplifier corresponding to three different frequency ranges of 
operation. These circuits will be drawn for the amplifier of F ig. 10.7a. 
Resistors Rr; and Rr» are usually high in value and may be neglected. 
The three regions of operation are: 


1. Midfrequencies, where all capacitances are neglected (Fig. 10.7c). 

2. Low frequencies, where the coupling capacitor, C,, is significant 
(Fig. 10.7d). 

3. High frequencies, where the shunting capacitors (collector output 
capacitance, C,, base input capacitance, C;, and any wiring capacitance) 
are important (Fig. 10.7e). 


From Fig. 10.7d, the lower —3-db frequency, fz, may be expressed by 


the following equation: 
1 


r 2nC (Rx + R,') 


where C, = value of coupling capacitor in farads 
Rr’ = R,//R, in ohms 
R,’ = Rg//R; in ohms 


R, and R; can be calculated from Eqs. 7.25 and 7.26. 


fr (10.2) 


EXAMPLE 10.1. Figure 10.8 shows a 2-stage RC coupled amplifier. R, 
of transistor Q, is 300K. R; of transistor Q, is 2.5K. Find the value of 
coupling capacitor, C,, for a —3-db cutoff frequency of 5 eps. 
Solution: 
Rz’ = Rz//R, = 300 K//8K = 8K 


Ri = Rp//R; = 10 K//2.5K = 2K 





Fig. 10.8. Circuit for example 10.1. 
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Substituting in Eq. 10.2, and solving for C;: 
1 1 _ 10 
Co Ri) +R) 2eXSX C+D x 
















From Eq. 10.2, fz is inversely proportional to C,. A low value of fr is 
generally desirable because it results in a greater bandwidth. 
Electrolytic or tantalum capacitors are generally used as coupling de- 
vices. There is no problem of high leakage current associated with an 
electrolytic when used with transistor amplifiers for the following reason} 
because the base-emitter circuit of a transistor amplifier is forward- 
biased, its d-c resistance is about 1K; this is usually negligible com-— 
pared to the leakage resistance (appropriately 50K) of electrolytics. 
The high-frequency performance of a transistor amplifier is primarily 
a function of its a-cutoff frequency, fa. The upper —3-db point, tu, 
in the common emitter connection is expressed by the following equa~ 
oa fr = 1 — off (10.3) 
Input, collector, and stray wiring capacities (Fig. 10.7b) will affect Su 
However, in the audio frequency range, these effects ae negligible and 
will not be considered. ) 
When the gain of an RC coupled stage is determined by graphi 
methods, it is essential to distinguish between the static (d-c) and 
namic (a-c) load line. In Fig. 10.9, the static load line is represented b: 


Static load line (Rz1) 






Dynamic load line (~Rj) 


Fig. 10.9. Superimposing the static and dynamic load lines on the collector 
teristics. 
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resistor Rz;, which also corresponds to the load resistor (Rx) of Fig. 
10.7a. The dynamic load line is determined by Rz;//Rs//R; ~ R;. 
The effects of coupling capacitor C, of Fig. 10.7a may be neglected. 

The static load line is superimposed on the collector characteristics, 
and the quiescent point is determined by the methods described in 
Chapter 8. The dynamic load line is made to pass through the quiescent 
point, Q, with a slope equal to the arctangent R;. The dynamic load line 
is now used for the determination of voltage gain, etc., in the same man- 
ner that the static load line was employed in Chapter 8. 


EXAMPLE 10.2. Figure 10.10a illustrates a 2-stage RC coupled amplifier. 
R; of Q: = 250 ohms. . Find the voltage gain, A., of the amplifier 
graphically for a peak-to-peak input signal of 0.1 volt (which corresponds 
to a peak-to-peak base current of 0.4 ma as obtained from the input 
characteristic which is not shown here). 
Solution: 
1. The d-c load line is superimposed on the collector family of curves 
of Fig. 10.100. 
te = 0, e = Ecc = 16 volts. 
ee = 0, 1%. = Ecc/Rz, = 16/800 = 20 ma. 
2. I, = Epp/Rp = 3/(10 X 10°) = 0.3 ma. 
thus located at Q. 
3. The dynamic load is 10,000//800//250 = 200 ohms. 
is drawn through point Q with a slope = 200 ohms. 
4. For a 0.4-ma peak-to-peak signal swing, the dynamic load line 
intersects J; at 0.5 ma (point A) and J, = 0.1 ma (point B). This 
corresponds to a peak-to-peak collector voltage swing of: 6.9 — 
4.7 = 2.2 volts. 
5. Hence, A, = 2.2/0.1 = 22. 


The quiescent point is 


This line 


Transformer Coupled Power Amplifiers 


It is possible to cascade transistor stages by means of transformer 
coupling. This method, however, is seldom used for cascading because 
the response of an average transformer is poor. To attain good frequency 
response with transformer coupling requires high quality transformers. 
In a preamplifier, which is designed to provide sufficient voltage (or 
current) gain to drive a power stage, RC coupling is satisfactory and 
economical. On the other hand, where a circuit is required to develop 
power to drive some kind of transducer, such as a loudspeaker coil or a 
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Fig. 10.10. Circuit and collector characteristics for example 10.2. 


motor, a transformer is usually used, because it provides impedance 
matching between the load and amplifier. A transformer is also made 
use of in coupling the signal to the input of a power transistor, as in & 
push-pull amplifier. Our discussion, therefore, will be confined to tra 
mer-coupled power stages. 
paren = hen aiapiihi: A single-ended power amplifier 
normally operated class A to avoid serious distortion. Such a cireuit, 
shown in Fig. 10.11. ‘The load, Rz, which may be a loudspeaker coil 
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some other type of transducer, is coupled to the transistor by trans- 
former, T;. The turns ratio of T; is Ni/No. Resistors Rg and Rr pro- 
vide bias for class A operation. The resistance, R,’, seen by the collector 
circuit of the transistor may be expressed by 


Ri! * (mye 
ly. “Se No L 


(10.4) 


where FR,’ = reflected load resistance 
Ry, = actual load 
N, : 
— = transformer turns ratio 
N2 


The power output of this amplifier can readily be determined graph- 
ically. In Fig. 10.12, the static load line represents the d-c resistance of 
the transformer winding, N;, of Fig. 10.11. Generally, this resistance is 
quite low, and this load line approaches a vertical position, as shown, 
which intersects the quiescent operating point, Q. The dynamic (a-c) 
load line, Rk’ (determined from Eq. 10.4) passes through Q with a slope 
equal to the arctangent R,’. The power output is expressed by the 
following equation: 

(Emax = Ein) (Imax Fi tmnin) 


8 


Fo = (10.5) 


where P, = power output in watts 
Emax = maximum collector voltage in volts 
Enin = minimum collector voltage in volts 
Imax = Maximum collector current in ma 
Imin = Minimum collector current in ma 
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Fig. 10.12. Graphical determination of output power, P,, of asingle-ended amplifier. 


EXAMPLE 10.3. Itis found that Emax = 15 volts, Emin = 5 volts, Imax = 
5 amp, and Imin = 1 amp. Find the power output. 

Solution. Using Eq. 10.5, we obtain 
ee (15 — 5)(5 — 1) 

8 

Push-Pull Operation. To obtain greater power output than is possible 
with a single-ended amplifier, push-pull operation is required. In addi+ 
tion to the greater power obtained, all even harmonic distortion (second, 
fourth, etc.) approaches zero. A push-pull amplifier circuit is shown in 
Fig. 10.13. Just as in vacuum tubes, one transistor conducts more for 
one-half of the input cycle, and less for the other half cycle. The outpw 
signal is combined in the secondary winding, Ne, of the output trans 
former, Tz. Resistors R, and R are included to provide proper forw 
bias for each transistor. The phase-inverting transformer, 71, coup 
the input signal to the base of each transistor with the proper po 

Push-pull amplifiers can operate classes A, AB, or B. Class A is 
least efficient (50%) of the above three modes, but has minimum 


= 5 watts 
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Fig. 10.13. A push-pull amplifier. C. T. represents center-top of transformer wind- 
ing. Nj, refers to one-half the total number of primary turns. 


tortion. The efficiency that can be realized with class B operation is 
78%, but the distortion is higher. 

One kind of distortion, termed crossover distortion (Fig. 10.14a), is 
unique to transistors. This is a result of the nonlinear input resistance 
of the transistor, as illustrated in Fig. 10.146. The input resistance is 
plotted as a function of emitter current. At low values of emitter cur- 
rent, corresponding to small input signals, the input resistance is high. 
This causes a marked decrease in the gain of the amplifier and accounts 
for the flattening of the sine wave at low signal values, as shown in Fig. 
10.14a. 

If a point, such as Jp’ (a quiescent emitter current) on Fig. 10.14, is 
chosen, it is seen that the input resistance is fairly constant over a large 
range of emitter current greater than Jz’. This type of operation cor- 


ec 


Input resistance 





Emitter current 


(a) (0) 


Fig. 10.14. (a) An example of crossover distortion. (6) The input resistance of a 
transistor as a function of emitter current. 
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responds to class AB. Operation below Jz’ brings us into the class B 
region, which results in crossover distortion. 

The graphical method for determining power output of a push-pull 
amplifier is similar to that of a single-ended amplifier. The procedure to 
be described is correct for class B operation, and is a good approximation 
for classes A and AB. Referring again to Fig. 10-13: 


1. The reflected load resistance, Rx’, is 


2Ni\" 
R,! = (==) Rr (10.6) 


2 


where N; = half the turns in primary 

2. Assuming the d-c resistance of each transformer winding, N,, iq 
zero, a dynamic load line with a slope of R;’/4 is drawn through e, = 
Ecc, as illustrated in Fig. 10.15. 


Collector characteristics 











P.,. = 45 watts 


max 


Tease = 100°C 
Prax = 45 watts 
Tg max= 3 amp 
Vee max = 60 volts 







Collector current, amp 
w 


0 


30S. 
Collector voltage, volts 
' 


~ , 
pos =4ts 10 ohms 
Transitron, 2N389 


Fig. 10.15. Example 10.4, 
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3. The power output, P,, is 
IE» 
2 





Po = (10.7) 


where J, = peak collector current swing for the signal shown 
E, = peak collector voltage swing for the signal shown 


EXAMPLE 10.4. Referring to Fig. 10.13, Ry = 2.5 ohms, N,/N» = 2, 
Ecc = 30 volts. The transistor is a 2N389. Find the power output, P, 
for a peak signal of 60 ma. 

Solution: 

1. Ry’ = (2 X 2)? X 2.5 = 40 ohms. Therefore, Rz'/4 = 42 = 10 
ohms. 

2. The dynamic load line is superimposed on the collector family of 
curves of Fig. 10.15. Ate. = 0,%, = 33 =3amp. Ati, = 0, e. = Eco 
= 30 volts. 

3. For a 60-ma peak signal, J, = 2.3 amp, Ey = 30 — 7 = 23 volts. 
Therefore: 

2.3 X 23 


Po 
2 


= 26.5 watts 


Expressing Gain in Decibels (db) 


It is common practice to express the gain of an amplifier in decibels 
(db). A decibel is defined as: 


P. 
db = 10 logy, = = 10 logiy Ap (10.8) 
1 


where P. = output power 
P, = input power 


Since power, P = E?/R = [°R, substituting these expressions in Eq. 
10.8 and simplifying, the following are obtained: 


db = 201 : 201 fe (10.9) 
= 0 oe ae 0: _ R 
Ey ie Ii 


Equation 10.9 is strictly correct if the input and output resistances are 
equal, If they differ, this equation is not absolutely correct. However, 
in amplifier practice, Eq. 10.9 is acceptable as is, even where the input 


eae * 
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and output resistances differ. If the output is less than the input, the 
fraction is inverted and a negative sign is placed before the answer. 


LE 10.5 . ; 
Xa) The power gain is 100. Express the answer in decibels. d 
(b) The output voltage of a circuit was found to be 1 volt for a 10-vo 


input. Express the ratio in decibels. 


Solution: 
a) db = 10 log 100 = 10 X 2 = 20 db. 1au 
se db = 20 log (345) = —20 log G2) = -—20 X 1 = —20db. 


Complementary Symmetry 


Complementary symmetry is unique to transistors since it a 
counterpart in vacuum-tube circuitry. In a vacuum paghtearese' htt 
only from plate to cathode. In carga raed paaty: , 

mitter in an n-p-n unit, or from ter to « ) 
sith Because of these unique properties, A to 
operate a transistor push-pull amplifier without the need of phase 
i tput transformers. 
my er the complementary symmetry amplifier of Fig. ane ' 
this circuit we have a p-n-p and an n-p-n transistor ken a earn 
Ry. During the positive half cycle of the input signal, | ot ot “a 
driven in the positive direction. Only the n-p-n transistor Mi i. 
because its emitter-base junction is forward biased, and bs fe oo , 
will be developed across Ry. During the negative half cycle only 


Ry 


> 
ge 


IR 





Ro 


Fig. 10.16. Complementary symmetry amplifier. 
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p-n-p transistor will conduct, for its emitter-base junction now becomes 
forward biased. The net result is an amplified output signal, similar to 


that of a conventional push-pull amplifier. Resistors R, and Rz provide 
forward bias for the transistors. 


Negative Feedback 


No two transistors are exactly alike, for their parameters can differ by 
appreciable amounts. A typical specification of hye may lie between a 
minimum of 20 to a maximum of 50. Furthermore, hy, and the other 
parameters of a transistor vary with operating temperature and age. 

The ratings of passive components, such as resistors and capacitors, 
also vary, but to a lesser degree than do transistors. These variations 
result from aging and changing ambient temperatures. Also, resistors 
and capacitors have a tolerance associated with their values. For ex- 
ample, a 10%, 1000-ohm resistor can have an actual value between 900 
and 1100 ohms. Similarly, a 20% capacitor rated at 1 uf can be any- 
where from 0.8 to 1.2 uf. 

From the above considerations we begin to realize that the gain of an 
amplifier may change because of temperature variations, aging, and the 
normal spread of component values. In order to stabilize the amplifier 
against these variations, negative (also called inverse and degenerative) 
feedback is employed. With feedback, the input to the amplifier be- 
comes a function not only of the applied signal, but of the output of the 
amplifier as well. 

Consider the block diagram of a feedback amplifier of Fig. 10.17. The 
box labeled A, represents the voltage gain of an amplifier of one or more 
stages; the box designated B is the feedback network. The gain of the 
amplifier, without feedback, A., is 


Ay = 6/¢; (10.10) 





Fig. 10.17, Block diagram of a feedback amplifier, 
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The feedback ratio, B, is 


Bred bles (10.11) 


where ¢; is the signal fed back. The input signal, ¢,, is 
6s = ei — & 
(10.12) 


of e=ee +e 


Substituting Eq. 10.12 into Eq. 10.10 gives 





A we 
ee te 
= (10.13) 
pe Aces + Aces = &o 


From Eq. 10.11, er = Be.. Substituting this into Eq. 10.13 and simp 


i have 
fying, we aod 


where Ac; is the gain of the amplifier with feedback. ek food 
cussed above is called voltage feedback because the fed-back voltage, ey, 
proportional to the output voltage, ¢o. 

Note the following: 


1. If the feedback amplifier is properly designed, Ae will be “a 
Thus the denominator (1 — A.B) will be positive and greater -— 
magenetabor A,, and the gain of the amplifier, said to have negative fe 
back, is always less than without feedback. 


€ hs, 

2. If A-BB> Gee <e ade 
For this condition, the gain of the amplifier becomes primarily a — 
of B, which usually represents the expression of a ro he 
dividex. If the resistance is stable, the amplifier will be stable reg 

meter variation, etc. 

‘ The hae of gain of an amplifier with feedback, AAcy, yee 
to a change of gain without feedback, AA-, can be expressed as 


AA, 


AAcs = 1 hid A.B 
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EXAMPLE 10.6. (1 — A.B) = 10, AA, = 10%. What is AA.;? 

Solution. AA.; = 10%/10 = 1%. 

An amplifier without feedback would result in a gain change of 10% 
due to internal or temperature variations; with feedback, the change is 
only 1%. Thus the important property of a feedback amplifier is its 
stability. The penalty paid is a loss in gain. This, however, can be made 


up by using additional amplifier stages. Other advantages of feedback 
are: 


1. The frequency response (bandwidth) is improved. The upper 
—3-db point with feedback, fj;, is 


fas = fal — A.B) (10.17) 
Likewise, the lower —3-db frequency point with feedback, frs is 
fi 
= 10.18 
ve ae ae 


2. Distortion is reduced. Assume the output signal swing is the same 
for an amplifier with and without feedback. Let D be the distortion 
without feedback and D, the distortion with feedback. The following 
expression can be derived: ‘ 


Dee 
ci eh CIES 


(10.19) 


3. Noise, such as power supply hum, is generally reduced if it enters 
the amplifier after the first stage. 

Feedback in Terms of Current Gain. By following the procedure simi- 
lar to the derivation of Eq. 10.14, an expression for the current gain of an 
amplifier with feedback can be obtained. This is: 


ay © 


FPP meae tain 
Lok 


(10.20) 


where A; = current gain of the amplifier without feedback 
Aiy = current gain of the amplifier with feedback 


The same expressions for stability, frequency response, etc., apply, 
with A; substituted for A, and with B evaluated in terms of current, This 
will be illustrated later by an example. 
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Input and Output Resistance of an Amplifier with Feedback. ; ra 
input and output resistances of a feedback opr ssh can Ratan , 
i i k. Their magnitude de 
than these resistances without feedbac , 
ere manner in which the feedback is obtained. For the specific con: 
figuration of Fig. 10.17, the input resistance with feedback, Rj;, is 


Ry = Ri — A.B) (10.21) 
Equation 10.21 indicates that R,, will be greater than R;. The output 
resistance with feedback, Ro;, is 

Ro 


——— (10.22) 
1— A.B 


Ros = 
Here, R,s is less than Rp. 


EXAMPLE 10.7. A 3-stage CE amplifier has a voltage gain of - 1008 a 
out feedback. f, = 100 cpsandfy = 5ke. B= 0.009. Find: (a) Aes 
(0) fis; (©) fur. 


Solution: 





100 
(b) fiz = a 10 cps 
(c) fur =5 ke(10) = 50 ke. 


i i lifier has a voltage gain 
MPLE 10.8. A single-stage transistor amplifie! 
an and an output of 50 volts with 8% distortion. Voltage feedb, 
is added to reduce the distortion to by 
What value of B should be used? ; - 
With feedback, what input voltage is required to give the 
output voltage of 50 volts? 


Solution: 
D 8% 
@) r= Fen he Se 
4d, 88 
Therefore 1-—A,B=4;B= eer tw tee 


(b) Without feedback, e, = $$ = 2.5 volts. With feedback, e, 
volts X 4 = 10 volts. 
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Feedback and Instability. Referring to Eq. 10.14 for the voltage gain 
of an amplifier with feedback, 


ge 


nt 
Ce Gao 


(10.14) 


it is noted that if A.B = +1, the denominator becomes zero and A.; > 
«©, This condition leads to a generator of sine waves, or an oscillator, 
which is considered in Chapter 11. 

It is possible that at some frequency, A,B = 1. If A,B > 1, the fre- 
quency of oscillation will adjust itself so A.B becomes unity. An oscil- 
lating amplifier is obviously undesirable, and, if proper care is exercised, 
this condition can be avoided. 

The quantity A,B is often called the open-loop gain. <A criterion of 
stability is the “Nyquist criterion.” In simplified form it states: 


If a plot of A.B for different frequencies is made, and the resulting plot 
passes through or encircles the value + 1, the amplifier will be unstable. 


The above results are equally applicable to the expression of current gain 
with feedback, A ;;. 

Internal Feedback. In the discussion of d-c stabilization in Chapter 9, 
our concern was to keep the quiescent point of the transistor fixed. The 
effects of internal feedback networks (current and voltage) on gain 
were not considered. With our understanding of negative feedback, we 
are now ready to examine the effects of d-c stabilization on the gain of 
an amplifier. 

Consider Fig. 10.18, which is a simplified circuit for current feedback 
stabilization. The effect of emitter resistor, Rz, on current gain is 
generally negligible; its effect on voltage gain, however, can be apprecia- 
ble. 

The feedback ratio, B, based on circuit voltages, is 


B= Re/Rz (10.23) 


Assuming Rz < R,, the voltage gain of the amplifier without feedback 
is, from Eq. 7.22: 
—hy-Rr 


\) te ei 10.24 
hie + AR, ( ) 


Substituting Eqs. 10.23 and 10.24 into Eq. 10.14, and simplifying, yields 


'* hy Ry, 


4g = —$<—< 
s hie + AR, +1 + hy Ry 


(10.25) 








174 Semiconductor Fundamentals: Devices and Circuits 


E, 
Eee ec 


Ry, 
Ry, Ry 


es fy 
Rr | 


Fig. 10.19. Simplified sketch of 


Fig. 10.18. Simplified sketch of 
voltage feedback d-c stabilization. 


current feedback d-c stabilization. 


The denominator of Eq. 10.25 is greater than that of Eq. 10.24. The 
fore, the voltage gain is less with the emitter resistor present. To resto 
gain, and not affect the d-c stabilization, resistor Rz may be bypa 
with a suitable capacitor. 


EXAMPLE 10.9. For the circuit of Fig. 10.18, hy. = 50, Rx = 5 K, hie 
2 K, and A’* = 10~*. Find the voltage gain for: 

(a) Rg =0 

(b) Rz = 100 ohms 

(c) Rz = 100 ohms and is bypassed with a capacitor, the reactance 
which, at the lowest frequency, is 5 ohms. ( 








Solution: 
—50 X 5 X 10° 

(a) A, = 5 = —125 

2x 10? + 107? * 5 & 10 

—50 X 5 X 10° 

(b) Aes = = —35.6 

2x 10? + 10-3 x 5 X 10? + 50 X 100 
(c) 5/ /100 = 5Q. Therefore 

—50 X 5 xX 10° 
cece: —1il1l 





Act * 3 =a 3 xj 
2x 10? + 10°? X 5 x 10° + 5 X 50 


Figure 10.19 is a simplified sketch of a voltage feedback d-c stab 
tion circuit. In this case, current gain is affected more than voltage 
The feedback ratio, based on current, is approximately: 


B = R,/Rr (1 
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The current gain of an amplifier without feedback is, from Eq. 7.23: 
-_=> —hye 
: Roel + 1 


Substituting Eqs. 10.26 i i 
ste q and 10.27 into Eq. 10.20, and simplifying, we 


(10.27) 


1+ Ager + (Ri/Rr)hye 


Comparing Eq. 10.28 with E 
with Rp ‘onedats q- 10.27 shows that the current gain is less 





A; 
. (10.28) 


EXAMPLE 10.10. Consider Fig. 10.19. R, = 5 K = 
10~*. Find the current gain when: : Be 


(a) Rr = infinity (no feedback present). 


(b) Rr = 100 K. 
Solution: 
10° X 5 K 10° ++: 1 


Oe A EA 
10? > 5:9¢ 10" 4. 1g eee te 
100 x 103 


—14.2 


otha aad ENS i aes Figure 10.20 shows a three-stage voltage 
with a teeadback network consisting of a volta, ivi ircui 

ge divider ci 
R, and Ry. The voltage gain of the amplifier without feedback ia 


(~A (Ete aye 


—AyA2Aes = Aer (10.29) 
The feedback ratio, B, is 
Ry 
B= ——_ 
Ri + Be (10.30) 





Fig. 10.20. An example of overall feedback, 


Ane cee” ill er ee ee ee 
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The gain with feedback is therefore 
—A, —Ag¢ 
Aes = Fagnenirs etal bee Seem MPD ch. 39 90 var (10.31) 
1—(—AerB) 1+ AerRi/(Ri + Re) 
EXAMPLE 10.11. In Fig. 10.20, Aa = Ac = Acs = — 100. R, =18 


and Ro = 99 K. 
(a) Find the gain A-;. 
(b) If the gain of each amplifier decreases by 20% (goes from — 100 to 


—80), what is the new gain? 





Solution: 
(a) B= = 0.01. Therefore 
14+ 99 
(— 100)? 
Aes SC a 
1+ 100° x 0.01 
(b) A (80) es '— 100 
¢~ 1480? X0.01 


In both parts, (a) and (b), A-e3 > 1. From Eq. 10.15, Aer = —1/B 
—1/0.01 = —100. Note that this checks with the answers obtain 


above. 


Tuned Amplifiers 


On the basis of selectivity, transi 
amplifiers can be divided into two genen 
classes: narrow-band (or tuned) and wi 
band (or wntuned). An audio amplifier 
an example of an untuned amplifier. 


L 
this section, we shall consider the 
es 8 amplifier only. Such amplifiers find ap 
st cation in r-f and if stages of recei 


and in radio transmitters. An example 
a tuned amplifier is shown in Fig. 10. 
Before we discuss the operation of the 
cuit, a review of some pertinent elemen 
electrical theory will be given. 

In Fig. 10.21, it is noted that the 
on the transistor consists of a capacitor, 
in parallel with an inductor, L, which is in series with resistor r. 

r represents the resistance of the inductor and is generally in the 


Fig. 10.21. An example of a 
tuned amplifier. 


ee ee ee ee See ere) = — 
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Magnitude 





fr Frequency 


Magnitude of Z 





fr. Frequency 


Fig. 10.22. (a) Impedance and 
i. . iM 
imal eee ae current vs. frequency. (b) The response of a tuned 


shad hk 
oS bah ae The above parallel circuit is often referred to as a tank 
a wie : e resonant frequency, the current, 7, is a minimum and the 

pedance, Z, of the tank is a maximum, as shown in Fig. 10.22a. The 


resonant frequency, f,, can be expressed by the following equation: 
Bi 1 
. oni (10.32) 


where f, = the resonant frequency, cps 
L = inductance, henrys 
C = capacitance, farads 


The band pass of the tuned amplifier i 
1 plifier is taken at the —3 db (4- 
points) and depends on the method of coupling the tuned aa ae the 
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Fig. 10.23. Single-tuned interstage coupling network with optional capacitor, C2, for 
ig. 10.23. - 
double tuning. 


numerical value of the Q of the inductor. Q is a number given by: 
2nfL 
Q = 
A 


It might be recalled that Q is a measure of the ie of ay a 
ircui i te this concept in Fig. 10. 
e of the tuned circuit. We illustra : 
ie we show two response curves, one for a high Q and the other for: 
tuned circuit. — 
a the resonant frequency, the impedance of the tuned rom ‘ at 
maximum value. Since the gain of an amplifier is a a te) 
impedance of the load, maximum gain of the circuit of Fig. 10.21 oce 
the resonant frequency. 
cs Muinies Coupling of Tuned Amplifiers. The couples a 
i ide the required band-pas 
tween amplifier stages must provi req oe 
i the driving stage to the drive 
tics and good power transfer from : 4 
i i ingle-tuned transformer shown 
widely used scheme is the sing ) 
es The output of the driving stage is tuned with capacitor “f 
the input of the driven stage is untuned (assuming C2 is not = u 
To change this single-tuned network to a double-tuned type, cap 
Cz is left in the circuit. ' 
CAnithat type of coupling network (Fig. 10.24) is the ‘a 
tuned circuit where impedance matching is obtained by tapping 


(10.33 
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ays | 

I | 

| Ct | 

|L 

| | 

| | 
Ecc ae ee awed 


Fig. 10.25. Tapped capacitor coupling. 


of the driving stage. A third method of interstage coupling depends on 
capacitive voltage division with a single-tuned circuit, as shown in Fig. 
10.25. 

Neutralization. A transistor tends to be a bilateral device, that is, 
one in which the output affects the input. (A unilateral device is one in 
which the output does not affect the input.) Because of inherent in- 
ternal feedback in a transistor, what happens at the output is reflected 
back to the input. This may cause a tuned amplifier to become unstable 
and break into oscillation. Instability of this type may be avoided by 
eliminating or neutralizing the internal feedback of the transistor. Neu- 
tralization is not new ; it is often employed to stabilize tuned vacuum- 
tube amplifier stages, especially in radio transmitters. 

Neutralization in a transistor involves applying feedback from the out- 
put (collector) to the input (base) in the common emitter configuration. 
A similar technique is employed for the common-base connection. The 
feedback network is generally an RC circuit, as shown in Fig. 10.26. 
The effect of this circuit is to cancel out the internal feedback present in 


the transistor and to make the transistor appear to behave as a unilateral 
device. 
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Summary 


There are four basic modes of amplifier operation: Classes A, AB, B, 
and C. Class A is the least efficient, 50% when transformer coupled; 
class C approaches 100%. Class C is generally used for tuned circuits 
and is not employed in audio amplifiers. For single-ended power ampli- 
fiers, class A is employed; class AB is used for push-pull operation. RC 
coupling of preamplifier stages is the most widely used coupling tech- 
nique. Neutralization of the internal feedback of a transistor used as a 
tuned amplifier stage is required to ensure stable operation. Besides 
providing stable operation of an amplifier, negative feedback improves 
the frequency response, minimizes distortion, and can be effective in re- 
ducing noise. 


Problems 


10.1 Define classes A, B, AB, and C operation of an amplifier. 

(a) Why is class C operation never used in audio amplifiers? 

(b) Explain why class B and AB are not used in single-ended audio 
amplifiers. 

10.2 Prove that the collector circuit efficiency for a transform 
coupled class A amplifier is 50%. (Hint: Assume ideal collector ¢ 
teristics, that is, horizontal, parallel, equally spaced lines. Also, let t 
collector voltage and current swings be symmetrical and make t 
peaks touch the 7, and é- axes.) 

10.3 Using the equivalent circuit of Fig. 10.7d, derive Eq. 10.2. 

10.4 For the circuit of Fig. 10.8, R, = 50 K, C. = 1 uf, and fr = 
eps. Find the input resistance, P;, of Qe. 

10.5 The upper —3-db frequency, fx, for a single-stage amplifier 
20 ke. Alpha = 0.98. Determine fo. 

10.6 For the class A power amplifier of Fig. P10.6, find: 

(a) Power output for an 80-ma peak-to-peak signal. 

(b) D-c power input. 

(c) Collector circuit efficiency. 

(Assume the transformer is ideal. The collector characteristics for 
2N1208 are found in the Appendix.) 

10.7 A class A push-pull amplifier is shown in Fig. P10.7. Fora tl 
ma peak-to-peak signal, find: 

(a) Power output. 

(b) D-c power input. 
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2.5 ohms 





Ecc = 20 volts 
Fig. P10.6 


(c) Collector circuit efficiency. 


(Assume the transformer is ideal. Th 
: e collector ch isti 
2N1208 are found in the Appendix.) ey ee 


1 ohm 


2N1208 





Fig. P10.7 


10.8 The frequency response of the amplifier of Fig. P10.8 is 20 cps 


to 20ke. The input resi = 
ini put resistance = 1K and the h-parameters for the tran- 


hie = 1K 

hoe = 50 X 10° mho 
hye = 49 

hee = 1072 


Find: 

(a) Minimum f, for satisfactory operation. 
(b) Voltage gain at midfrequencies. 

(c) Current gain at midfrequencies. 

(d) Power gain at midfrequencies. 

(e) The value of the coupling capacitor, C,. 
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—-Ecc 





Fig. P10.8 


10.9 For n identical cascaded transistor amplifier stages, prove that 
the new upper —3-db frequency, fx*, is 


fa* =faV2"—1 
and the new lower —3 db frequency, fx*, is 


fi* = fr/V 2m — 1 


Does the bandwidth improve as transistor stages are cascaded? 

10.10 Express the following ratios in decibels: 

(a) Eo/ Ey = 0.5 

(b) P2/P1 = 25 

‘E2/E, = 500 + Tye: 

x 11 ee amplifier has a voltage gain without cm 
A - —2000. B = 10~%, fp = 50 cps, and fy = 8 ke. Find: (a) 
wer <n voltage gain of the feedback amplifier of Fig. P10.1 
Use the same h-parameters as for Prob. 10.8. 


10K 


Fig. P10.12 


10.13 An amplifier with a voltage gain of — 100 ore fA) 
The distortion is to be reduced to 1%, using negative te , 


ee ee ee eS eee ee ee ee ee ee ee 
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(a) Determine B. 

(6) What is the gain of the amplifier with feedback? 

(c) Without feedback, a 0.1 volt rms signal results in a certain output 
voltage. With feedback, what input voltage is now required to 
yield the same output? 

10.14 Referring to Fig. 10.18, prove that current feedback stabiliza- 

tion does not appreciably affect the current gain. 


10.15 For the voltage feedback stabilized circuit of Fig. 10.19, prove 
that the voltage gain is hardly affected. 


10.16 An amplifier has an overall current gain = —2500 and B = 
1¢"7; 

(a) Find Aj}. 

(b) Assume one of the transistors becomes defective and causes the 


overall current gain to drop to —1500. B remains the same. 
What is the new current gain? 


10.17 The tank circuit of Fig. P10.17 is to be used in a tuned ampli- 
fier. The Q at the resonant frequency is 100. 

(a) What is the resonant frequency? 

(6) What value of C is required for resonance? 


L = 10 wh 


r= 10 ohms 


Fig. P10.17 


10.18 (a) Explain the meaning of the statement that a transistor 


‘fs a bilateral device.” 


(6) What is meant by “neutralization of a tuned amplifier’? 
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Transistor Oscillators 


One important function performed by transistor circuits is the conversiaay 
of d-c energy into a-c energy. These circuits, known as oscillators, f 
into two broad categories, sinusoidal or harmonic, and nonsinusoidal 0 
relaxation. Examples of sinusoidal and nonsinusoidal generated way 
forms are shown in Fig. 11.1. Both types are considered in this chapter, 
Oscillators find wide application in test equipment, receivers, transmi 
ters, and in digital computers. Frequencies in the order of hundreds 
megacycles can be realized today with transistors. 


Sinusoidal Oscillators 


To aid in understanding how the sinusoidal oscillator operates, it i 
convenient to view an oscillator as an amplifier with an appropriate fe 
back network connected across the output and input terminals of 
amplifier, as shown in Fig. 11.2a. Assume first that the feedback 
work B is not connected to the input of the amplifier (Fig. 11.2b). 
signal, e,, is applied to the amplifier and a voltage, ¢,, appears across 
output. Mathematically, 


Cy = Aces (1, 

where A, = the voltage gain of the amplifier 
Let the feedback voltage ratio, B, be defined as in Chapter 10: 
B = e;/e 
or ey = Be, (11 


where ey = the feedback voltage 
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AVA Re ae ee! 


Sine wave Square wave Pulse Ramp (sawtooth) 


Fig. 11.1. Example of a sine wave and three different nonsinusoidal waves. 


In order that oscillation be maintained, feedback must be adjusted to 
satisfy the following condition: 


ey = es (11.3) 


Now, let us connect the feedback network terminals, 1-1, to the amplifier 


input terminals, 1’-1’, and remove the input voltage, e,. Under these 
conditions: 


Co. = Aces (11.4) 
and substituting Eq. 11.2 for ey into Eq. 11.4 yields 

Co = A,Be, 
or AjB = 1 (11.5) 


Equation 11.5 is the famous Barkhausen criterion. Stated in words, it 
says that to maintain oscillation, the voltage gain, A,, multiplied by the 
feedback voltage ratio, B, must be equal to unity. The total phase shift 
must be zero degrees (or a multiple of 360°), otherwise the product of 
A.B will not be equal to unity. All sinusoidal oscillators are made to 
satisfy the Barkhausen criterion. The above derivation has been simpli- 
fied, but the result obtained is nevertheless valid. 

Feedback around an amplifier which produces oscillations is often 
referred to as positive or regenerative feedback. In Chapter 10, feedback 
was used not to generate sine waves but to enhance the amplifier’s 





(a) (6) 
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performance. This is known as negative or degenerative feedback. Our 
concern here is with the regenerative kind. 

It should be appreciated that it is not required to “start’’ an oscillator 
by the application of an external signal such as e, shown in Fig. 11.20. 
This was done to assist in deriving the Barkhausen criterion above; oscil- 
lators are self-starting. 

Practically, the feedback network can simply be the mutual coupling 
between two coils, or the capacitive coupling between the output and in- 
put terminals of an amplifier. Circuits employing these coupling meth- 
ods are called tuned-circuit oscillators. Another oscillator configuration 
makes use of the phase shift introduced by RC elements in a feedback 
network. This circuit is referred to as a phase-shift oscillator. Examples 
of both types will now be described using p-n-p and n-p-n devices. 

Colpitts Oscillator. The circuit of Fig. 11.3 isan example of a Colpitts 
transistor oscillator. Biasing is obtained by resistors Rg, Rr, and Ry. 
The frequency of oscillation, f, is determined to an excellent approxima- 
tion by the series combination of capacitors C, and C2 and inductor L. 
The equation for this frequency is 


1 
fe Speers (11.6) 


2r | L (=) 
Ci + C2 
where f = frequency, cps 


L = inductance, henrys 
C,, Cz = capacitance, farads 


It can be shown mathematically that a necessary condition for oscill . 
tion is that the forward current gain of the transistor, hy., be equal 
or greater than the ratio of C;/Co, that is: 


hye = Ci/Co2 (11. 


In terms of the circuit philosophy developed above, the amplifier p 
tion of the Colpitts oscillator is represented by the transistor, resis 
Rg, Rp, and Rz, and the load composed of capacitor C2 in parallel wi 
C, and L. The feedback network is formed by C; and C2. These capac 
tors act as a voltage divider and feed back an appropriate voltage ( 
current) to the base-emitter circuit of the transistor to satisfy the B 
hausen criterion. 

Hartley Oscillator. Another popular circuit is the Hartley oscilla 
of Fig. 11.4. The amplifier section is the transistor, the biasing re 
Rz and Rp, and the load composed of L; in parallel with Ly and C, 
feedback is a function of the mutual coupling, M, and inductance 1; 
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Fig. 11.38. Colpitts oscillator. 


Lz. The frequency of oscillation, f, to an excellent approximation is 
expressed by 


1 
f= 
2nV C(L, + Le + 2M) ore) 
where M = mutual inductance in henrys 
The necessary condition for oscillation in the Hartley circuit is that 


? ey g he ratio of 


(11.9) 
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Should a situation exist where there is no mutual coupling between 
inductors L,; and Lz, Eqs. 11.8 and 11.9 still apply with M being set 
equal to zero. Without mutual coupling (M = 0) feedback is provided 
by the voltage divider action of L; and Le. 


EXAMPLE 11.1. Calculate the frequency of a transistor Hartley oscillator 
(Fig. 11.4) where: 


Ty = 100 ph 

Le = 20 ph 

M = zero 

C = 0.0001 uf = 100 upf 

hye = 30 

Solution. Checking Eq. 11.9: 
100 
hy = 30 > — =5 

20 


which meets the required conditions. Substituting in Eq. 11.8: 


1 
f= anv 100 X 10~22[(100 + 20)10~* + 0] 


Crystal Oscillators. An important criterion for an oscillator is its fre- 
quency stability. This refers to the constancy of the frequency of oscilla- 
tion with changes in temperature, biasing voltages, and component 
values. Frequency stability is related to the Q of the tuned circuit; the 
greater the Q, the more constant is the frequency of oscillation with 
respect to the aforementioned changes. 

There exists a class of crystalline materials which exhibit the so-called 
piezoelectric effect. Two such materials are Rochelle salt and quarts, 
These materials change their physical dimensions when subjected to an 
electric field and, conversely, produce an electric field of their own when 
mechanically stressed. These substances, when properly cut, can act as a 
tuned circuit; and they exhibit typical Q’s of 20,000. With ordinary 
tuned circuits, as used in the Colpitts and Hartley oscillators, a Q of 50. 
is considered quite good. 

Quartz, because it is stable and exhibits an appreciable piezoelee 
effect, is universally used. The electrical equivalent circuit of a ery: 
and its symbol are shown in Fig. 11.5. L, C,, and r represent the 
trical inductance, capacitance, and resistance, respectively, of the ¢ 


= 1.45 me 








Transistor Oscillators 189 
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Symbol 


Fig. 11.5. The electrical equivalent circuit of a crystal. 


Capacitance, C, is determined by the area of the crystal mounting plates 
and the crystal thickness. These capacitances give rise to two possible 
resonant frequencies for a crystal: the series resonant frequency, f, of 
Fig. 11.6, where the reactance is zero, and the parallel seacsinns few 
quency, fos where the reactance approaches infinity and is inductive. 

The series resonant frequency, f,, is determined by LZ and C;: 


ip aea 
2a LC, (11.10) 
+ | 
| 
go 
> 
3 | 
3 | 
= | 
8 | 
$0 
8 f 
& o fs h 
> 
= 
& 
8 


Fig. 11.6. The reactance of a crystal as a function of frequency. 
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Fig. 11.7. Crystal oscillator. 
























The parallel resonant frequency, fy, is a function of L and the series 
combination of C and C;: 


fr = 


1 


eles) 
9 C+, 


The frequencies f, and f, are actually very close to each other. F 
sinusoidal oscillators, the crystal is operated near its parallel resonan 
frequency, fp, and acts as an inductance. This isa point well worth e 
phasizing at this time. Referring again to Fig. 11.6, we observe that from 
zero frequency to the series resonant frequency fs, the reactance curve ii 
one of a capacitor. From f, to f, the reactance curve becomes positi 
which is characteristic of an inductor. Thus, in the region of par 
resonance, the crystal acts as an inductor. 

An example of a crystal oscillator is given in Fig. 11.7. The cireul 
which uses a crystal instead of an inductor, is similar to the Colpi 
oscillator of Fig. 11.3. The frequency of oscillation is approxima 
the parallel resonant frequency, fp, of the crystal. The coil shown 
RFC (radio frequency choke) permits direct current to flow in the 
lector circuit of the transistor and prevents the generated sine wave f 
getting to the power supply, Ecc. 

Phase-Shift Oscillator. The circuit of a phase-shift oscillator in 
11.8 is an example of a sinusoidal generator that does not employ a ti 
circuit. The transistor operates as a common-emitter class-A amp 
and provides 180° phase shift between its input and output te 
Because the Barkhausen criterion demands that A,B be equal to 


(11.11) 
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pi bee overall phase shift be 0° (or a multiple of 360°), an additional 
80° phase shift must be provided. This is obtained with a 3-section 
RC network, where each section contributes a 60° phase shift by virtue 
of the RC relationships in each unit. In order that the resistance of the 
me ne be R, resistor Rp’ is chosen to be the difference between R 
and ft; (the input resistance of the common emit i 

ate eee emitter transistor stage), 

The frequency of oscillation is expressed by 


1 
f = en 
2nCV 6R? + 4RR, 





(11.12) 


A necessary condition for oscillation is given by 


4Rr 


R 
hye = 23 + 29 — + —_ 
e R, R (11.13) 


Because the input resistance, R,, of a common emitter ampli 

is low (about 1000 ohms), an emitter follower stage is lsgeeonenent 
posed between the output of the common emitter amplifier and the input 
of the phase shifting circuit (Fig. 11.9). This prevents loading down the 
amplifier output. It will be recalled that an emitter follower has no 
phase shift, a voltage gain approaching unity, an output resistance which 
is low, and an input resistance which is high. Thus the emitter follower 
acts as a low impedance source for the RC network and minimizes an 
loading effects on the common emitter stage. . 





Fig. 11.8. Phase-shift oscillator. 
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-Ecc 





Emitter follower 












Ry 


Fig. 11.9. Phase-shift oscillator with an emitter follower between the common emit- 
ter amplifier and the RC network. ; 


Nonsinusoidal (Relaxation) Oscillators 


This class of oscillators is used to generate nonsinusoidal vara su 
as square waves and pulses of Fig. 11.1. Circuits of this type _ c a 
terized by regenerative (feedback) networks and RC —aG S. qi 
basic operation depends on the charging and discharging of a —7 

Consider the circuit of Fig. 11.10a. Assume the capacitor, » is i 
tially uncharged. Theswitch is thrown to position 1, causing Fy ap 
to charge up to a voltage H (Fig. 11.106) with a time constant, R,C sec 
The time constant indicates the rate at which the voltage across 


€c 
Ry 1 ‘eth tes 


Sw 
+ 2 | | 
# Cc ec 
me R, a7 
0 
(a) (b) 


Fig. 11.10. (a) Circuit for charging and discharging capacitor C.  (b) 
waveform across C. 
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(a) (6) 


Fig. 11.11. The transistor as a switch. 


capacitor approaches ZH. A small value of R,C yields a fast rise time. 
After an interval of time, t,, the switch is thrown to position 2, forcing 
the capacitor to discharge with a time constant RoC. The discharge, or 
decay time, will be small for a low value of RoC. 

In the circuits to be analyzed the transistor will be made to perform 
as a switch. An obvious limitation of a manual switch is speed. With 
transistors, it is not difficult to generate square waves at rates in excess 
of 10 megacycles. 

Figure 11.11a represents a transistor in the common emitter configura- 
tion; Fig. 11.11b shows the collector characteristics on which is superim- 
posed the load line, Ry. With no input (base current) applied, the 
collector-emitter voltage is Ec(~Ecc) and a minute current flows (the 
reverse saturation current). This condition, represented by point 
A in Fig. 11.116, approximates an open switch. At point B the transistor 
is fully conducting (Ic ~ Ecc/Rz), and the collector-emitter voltage 
(the saturation voltage Vsat) is nearly zero volts. This corresponds to a 
closed switch. With these concepts in mind, we shall now examine three 
important nonsinusoidal generators. 

Astable (Free-Running) Multivibrator. An astable multivibrator, 
which is used to generate square waves, is illustrated in Fig. 11.12. As- 
sume initially at ¢ = ¢,, that transistor Q, is ON (conducting) and tran- 
sistor Qo is OFF (nonconducting). Hence the collector voltage across 
Q1, @c1, equals Vea, (+0), and the collector voltage across Qo, 2, is 
nearly Hee volts, as shown in Fig. 11.13. The emitter-base voltage, 
en, Of Qj, will be slightly positive and the emitter-base voltage, ey: of Qe, 
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will initially be at —Ecc volts. The latter value is explained as follows. 
When transistor Q; first starts to conduct at t,, the voltage across its 
collector drops from Ecc to Vat. This is a negative going change approxi- 
mately equal to Hcc. This change is coupled to the base of transistor Qs 
through capacitor C; instantaneously (initially C, acts as a short circuit 
to the pulse). Thus, at ¢ = ¢,, the base of Q2 has impressed across it the 
voltage —Kgc. 

Capacitor C; now starts to charge up toward +Egc¢ volts through 
resistor Rg; When the voltage across C; is such that €ve becomes 
slightly positive, say at time t,, Qo begins to conduct and Q, is turned off. 
This process repeats itself and square waves are generated. 

The symmetrical characteristics of the waveform depend on the rela- 
tionship between Rg,C; and RgoC>. If ReiCy = ReeCo, a symmetrical 
square wave results. If Rgi:C; # RgeC2, a nonsymmetrical square (or 
rectangular) wave is produced (see Fig. 11.14a). The period of this wave 
is 


Ecc 





T = 0.69(RgiC, + RgoC2) sec (11.14) 
where RF is in ohms and C is in farads 
Because frequency equals 1/7, 


fq 1.35 
RpiC, + RpeCo 


As stated above, if RgiC; = Rg2C, = RC, square waves (Fig. 11.140) 
are produced, and the frequency is 


f = 0.37/RC pps (11.16) 


pulses/sec (pps) (11.15) 


With fast-switching transistors, square waves generated at rates of 
10 me are relatively simple to realize. 


e e 





Fig. 11.13. Waveforms across the collector and base circuit of transistors Q, and 
in the astable multivibrator. 


(a) (b) 


Fig. 11.14, (a) Nonsymmetrical square (rectangular) wave. (b) Symmetrical square 
wave, 





eee 
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(a) (6) 


Fig. 11.15. Blocking oscillator and its waveform. 


Astable (Free-Running) Blocking Oscillator. Where very narrow (less 
than a microsecond wide) pulses are required, a blocking oscillator (Fig. 
11.15a) is commonly used. Referring to the figure, assume capacitor Cz 
is initially negatively charged as shown, and the transistor is turned off, 
that is, nonconducting. The capacitor will discharge through resistor 
Rg, and a point will be reached where the base-emitter junction becomes 
forward biased, causing the transistor to conduct. The collector volt 
e, (Fig. 11.15b) begins to fall to a value Vea, ~ 0 volts at time t;. T 
drop in voltage at e, corresponding to Ecc causes a current to flow in NV 
in the direction shown. This results in an induced current in No in t 
direction shown. As a result, current flows in the transistor from 
base through the emitter, charging Cz to the polarity indicated. T 
will again turn the transistor off, thus bringing it back to its initial con 
tion. Because of the inertia set up by the transformer inductance, t 
collector voltage rises momentarily to a voltage greater than Lee 
shown at time fy. This rise is referred to as the backswing. A large bac 
swing could damage the transistor. This may be suppressed by conn 
ing a diode across transformer winding Nj. 

The shape and width of the pulse are primarily a function of the blo 
ing oscillator transformer and the alpha cutoff frequency of the t 
sistor. The period between pulses is determined essentially by the 
constant, RgCe. 

Monostable (One-Shot) Multivibrator. In digital computers, t 
a need for well-defined pulses of a few microseconds width. Ove 
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blocking oscillators are used. Quite often, however, the monostable multi- 
vibrator, or one-shot, is preferred because of its superior pulse shape. This 
circuit is not free-running, but triggered from another source, such as a 
sine wave. 

An example of a one-shot multivibrator is shown in Fig. 11.16. Tran- 
sistor Q2 is forward-biased to be ON (conducting). Q, is OFF (non- 
conducting) because of the reverse bias introduced by Epp. If a positive 
signal is applied to the base of Q,, this transistor will start conducting 
and its collector voltage will fall from Hoc to Veat = 0. The negative- 
going voltage (Hoc) at the collector of Q, is coupled to the base of Q» 
through capacitor C, and transistor Q2 is thereby made nonconducting. 
Capacitor C starts to charge exponentially towards Ecc, causing the 
base voltage of Q2, x2, to become less negative. When ey. goes slightly 
positive, Q2 conducts once again, and Q, is turned off. The wave shapes 
aH base and collector terminals of Q; and Q2 are summarized in Fig. 

1.17. 

The width of the pulse, 7’, may be expressed by the following equation: 
T ~ 0.7 RC sec (11.17) 
EXAMPLE 11.2. For the one shot of Fig. 11.16, Ecc = 30 volts, Ry = 


10 K, and 8 = 60. For a pulse width of 3 usec, find the maximum value 
of RF and the value of C. 





Solution: 
I Ecc 30 ; 
c= coms = iE = 3 ma (neglecting Vat) 
+Eoc 
Fig. 11.16. A one-shot multivibrator. 
Er a 
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For a 3-microsecond-wide pulse, the required capacitor, C, from Eq. 11.17 
is 
T 3 xX 107° 


~ O.7R 0.7 X06 X 10° 





= 7 ppt 


The value of 7 yyf is in the order of stray wiring capacitance and is 
therefore too small to be considered for practical purposes. We would 
perhaps choose C = 70 yuf and make R = 60 K. These values will also 
yield a 3-microsecond-wide pulse, and C = 70 uf is a practical value to 
use. A value of R = 60 K will ensure that transistor Qo is conducting, 
and will avoid marginal operation. 


Summary 


Oscillators can be thought of as generators of sinusoidal or nonsinusoi- 
dal waves. The Barkhausen criterion governs the operation of sinusoidal 
oscillators. Where good frequency stability is required, a crystal oscil- 
lator is employed. The charging and discharging of a capacitor through 
a resistor is the basis for nonsinusoidal wave generation. The transistor’s 
role here is that of a fast switch. 


Problems 





11.1 State, in:words, the meaning of the Barkhausen criterion. 

11.2 How does feedback in an oscillator differ from feedback in an 
amplifier? 

11.3 For the Colpitts oscillator of Fig. 11.3, L = 100 uh, C, = 500 
uuf, and hy, = 25. What is the maximum possible frequency of oscilla- 
tion? 

11.4 Assume that the mutual coupling between L, and Lp is zero for 
the Hartley oscillator of Fig. 11.4. L, = 200 uh, hye = 20, and C = 100 
uuf. Find the maximum possible frequency of oscillation. 

11.5 Repeat Prob. 11.4 for M = 20 uh. 

11.6 Figure P11.6 is a transistor version of a Pierce crystal oscillator. 
Explain the operation of the circuit. 

11.7 For the phase-shift oscillator of Fig. 11.8, R, = 10 K and hype = 
50. 





Fig. 11.17. The waveshape at the collector and base terminal of Qi and Q2 for 
one-shot multivibrator of Fig. 11.16. 


The minimum required base current, Jp, is 


I 3 
lp = ee 
8 60 


The maximum value for resistor PR is therefore 


soi cad Ecc _ 30 _ 600 K (a) What is the minimum value of R that can be used? 
Tadthisaliie, Le (b) Find the frequency of oscillation of C = 0.1 pf. 





ii aa ct oes a i eee tht ers ae 
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-Ecc 


RFC Ec = 10 volts 






R,= 5002 


Rs 


Fig. P11.8 


Fig. P11.6 










11.8 The circuit of Fig. P11.8 is used as a switch. The collector 
characteristics of the 2N1199 are found in the Appendix. 
a) When J, = 0.1 ma, what is e,? a 
3 When J, = 0.7 ma, what is e,? (Use the 2N1199 characteristics 
for the saturation region.) 
(c) Fora given Ego, how does Vzat vary when Fz is made greater than 
and then less than 500 ohms? 
11.9 Derive Eq. 11.14. 
11.10 Derive Eq. 11.17. 
11.11 For the one shot of Fig. 11.16, Eec = 20 volts, Ry = 5 K, and 
R = 200 K. 
(a) Find the minimum value of 8. 
(b) Find C for a pulse width of 10 usec. ; 
11.12 For the one-shot multivibrator of Fig. 11.16: 


Rr=5K 
R=50K 
C = 0.01 pf 


Rp = Rr = 20 K 
Epp = —2 volts 
Eee 20 volts 
Vsat = 0.1 volts 


Carefully plot the wave shapes at the collector and base of each tran- 
sistor. Specify all voltage levels and the time constants of the wavee 
forms. f 

11.138 Explain the operation of the astable blocking oscillator of Wg. 
11.15, using a p-n-p transistor and the collector supply voltage made 
—Eoc. Draw the resulting wave shape at the collector, ¢c, as a func 
of time, t. 


Chapter 12 


Transistor Circuits 


for Digital Computers 


Before the advent of transistors, digital computers built with relays and 
vacuum tubes were physically huge and consumed large amounts of 
power. An airborne digital computer was then but a dream. The tran- 
sistor, because of its small size and low power consumption, has revolu- 
tionized the computer industry. It is possible today to design and build 
compact digital units employing transistor circuitry which perform 
500,000 additions per second! Tunnel diodes and other new semicon- 
ductor devices are also being used in digital applications. 

The digital designer has a wide choice of semiconductor circuits that 
can be used in a computer. In this chapter we explore two possibilities: 
diode-transistor logic and nor logic. Before we examine these, a discussion 
of the digital computer will be presented. 


The Digital Computer 


A functional block diagram of a digital computer is given in Fig. 12.1. 
The digital computer may be broken down into five major building 
blocks: (1) Input unit. (2) Output unit. (3) Arithmetic unit. (4) Mem- 
ory unit. (5) Control unit. 

The Input unit accepts the necessary data and instructions required 
for solving a problem. This information is then routed to the Arithmetic 
and Memory sections. The input data may take the form of holes on a 
punched card, magnetic variations on tape, etc. The Output unit, which 
may be a scope, tape, or any one of a number of devices, records the final 
answer to the problem. The Arithmetic unit, as its name implies, per- 
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Fig. 12.1. Block diagram of a digital computer. (From Understanding Digital C 
puters, by Paul Siegel, John Wiley and Sons, New York.) 


forms the four basic operations of arithmetic: addition, subtraction, mul 
tiplication, and division. 

The Memory unit serves a number of functions. (1) It stores t 
step-by-step instructions for solving a problem. These instructions 
referred to as the program. (2) It accepts some of the input data 
any numerical constants of the problem. (3) It stores some of the p 
results during the solution of a problem and also holds final answi 
which are directed to the Output unit upon completion of the prob 
Physically, the Memory may be in the form of an array of tiny ma 
cores or a magnetic drum. 

The Control unit coordinates the solution of the problem. It acts as 
“traffic officer,” directing the flow of data and instructions among 
four other units. For example, it “tells” the Arithmetic unit when 
add, or multiply, etc. The Input, Output, and Memory units are 
considered in this book. However, the Arithmetic and Control sect: 
of a computer are within our province, for here semiconductor cireui 
is primarily used. 

Before we proceed to analyze these circuits, the following questit 
needs answering: “How can a transistor be made to represent a num 
such as 2, or 5, or 8?” To obtain the answer, it is first necessary to 
derstand the basis of our number system. 


Binary Number System 


Our number system (decimal) is a positional one, and its base or 
is ten. This means that a digit such as 2 can stand for 2, 200, 2000, 
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depending on its position in the number. For example, the number 2362 
can be broken down as follows: 


2362 = 2 x 1000+ 3X 100+6x10+2x1 
Expressed in powers of 10: 

2362 = 2x 10°?+ 3 x 107+ 6X 10!'+ 2 x 10° 
where 10° = 1; 10' = 10; 10? = 100; 10? = 1000; ete. 


Any number, no matter how large or small, can be represented by the 
decimal system. The word “decimal” in this case connotes the use of the 
base or radix 10. In the above example the decimal number is 2362. 
However, there is nothing sacred about employing ten as a base. The 
decimal system has its roots in the ten fingers of a man. In early times 
the Mayan Indians used twenty as a radix; they counted on both their 
fingers and toes! Even today there are groups which advocate other 
systems, such as the duodecimal system in which the number 12 is the 
base or radix. The most useful scheme for digital computer circuits is 
the binary system, where two is the radix. 

The binary system was proposed over two centuries ago by the phi- 
losopher-mathematician, Leibnitz. This number scheme requires only 
two digits: ZERO and ONE. This compares to the ten digits required 
in expressing a number using the decimal system, in which 10 is the base. 
For example, in the binary system the decimal number 9 is written as 
1001. Note that only two digits are used, ZERO and ONE. How the 
decimal 9 gives rise to the binary 1001 will now be explained. 

The mechanics of expressing a number in the binary system is anal- 
ogous to that used in the decimal system. To illustrate: In Table 12.1 a 
columnar arrangement is shown in which a decimal number can im- 
mediately be identified by the position of digits in the columns shown. 
Thus, in the 10? column, the digit 3 stands for 300; in the 10! column, 
the digit 7 stands for 70; and in the 10° (or unit) column, the digit 9 
stands for 9 X 1 = 9. Thus, 379 is identified hundred-, ten-, and unit- 
wise by their respective digit positions. This illustrates the positional 
nature of the system. 


Table 12.1. Illustration of Decimal Number, Relating Actual 
Number to Base (10) 

Base and Power 10° = 1000 10? = 100 10} =:10 10° = 1 
Decimal Number 3 i 9 


(8 & 100 = 300) (7 X10 = 70) (9X1 =9) 
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Table 12.2. Illustration of Binary Number, Relating Actual 
Number to Base (2) 


Base and Power 2! = 16 23 = 8 2=4 2) = 2 =] 





Binary Number 1 0 0 1 
1x8=8) 0xX4=0) 0xX2=0) 1 X1=1)) 


We now refer to Table 12.2, in which the base is 2 instead of 10. If we 
wish to express a decimal number 9 in binary notation (which uses only 
ZEROS and ONES), the only combination of digits using the base 2 
that gives the decimal number 9 occurs when we place a one in the ps 
column, a zero in the 2? column, a zero in the 2' column, and a one in the 
2° column. This gives us a total of 8 +0-+0+ 1 = 9, and the cor- 
responding binary number is 1001. Other examples (the reader should 
verify these) are listed in Table 12.3. 

We note from Table 12.3 that more digits are required to represent 
a number in the binary than in the decimal system. For example, four 
“ones” and three “zeros” are needed to represent 113 in the binary form. 

The reader should recall that a transistor can be operated so that it is” 
fully conducting (ON) or nonconducting (OFF). When in the conduet- 
ing state, the collector-emitter voltage, Vsat & 0 (see Fig. 11.11). This 
condition can represent the numeral ZERO. In the nonconducting 
state, the collector-emitter voltage = Ecc. This indicates a ONE. 
These two states are clearly defined, and there is no possibility of any 
ambiguity. It would be almost impossible to let a transistor represent 
ten digits with any certainty by ten different partial conducting states 
of a transistor! 

Devices, such as a transistor, which can exhibit two defined ON-OFF 
states are referred to as bistable. A simple ON-OFF switch is an example 
of a bistable device; it is either ON or OFF. 







Table 12.3. Some 
Decimal Numbers and 
Their Binary Equiva- 


lents 
Decimal Binary 
7 111 
13 1101 
64 1000000 
113 1110001 
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E,=ABC:--N 


Zawh 


Fig. 12.2. Symbol for the AND gate. 


Basic Logic Building Blocks 


; The basic circuits needed in the Arithmetic and Control sections of a 
digital computer are three in number. They are: 


1. The AND gate. 
2. The OR gate. 
3. The NOT (or INVERTER) circuit. 


These three building blocks, used repetitively in carefully designed cir- 
cuitry, account for the bulk of the circuits in a digital computer. (In 
the ensuing discussion, a voltage level present regardless of its magnitude 
is indicated as a ONE. No signal is indicated as a ZERO.) Let us now 
examine their functions. 

The AND gate, represented symbolically in Fig. 12.2, denotes the fol- 
lowing operation: An output signal, £,, will appear only if all inputs, A 
B, C,..., N, are present simultaneously. In the mathematics of sytich- 
ing (or Boolean) algebra: 


AxBxCx::-xN=H, (12.1) 


The sign (x) means AND. Equation 12.1, expressed in words, is: H, will 
exist if A and B and C and ... N are all present. Instead of using the 
sign x, Eq. 12.1 is often written ABC --- N = Eo. 

The OR gate (Fig. 12.3) performs the following operation. An output, 


E., appears if any one (or more than one) of inputs A, B,C,...,N are 
present. Mathematically, this is stated as follows: 
A+B+C+-::-+N =H, (12.2) 
A 
B 
C Eo=A+B+C+---4+N 
N 


Fig. 12.3. Symbol for the OR gate. 
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sinha] >on 


Fig. 12.4. Symbol for the NOT circuit. 


The (+) sign has a special connotation here: it means OR. Thus, Eq. 
12.2 states: H, will exist if A or B or C or ... N (or any combination of 
these) is present. ; 

The NOT (or INVERTER) circuit of Fig. 12.4 gives an output, Eo 
if no signal is present. If a signal is present, H, = 0. In mathematical 


terms: i, 
‘ If #H; = A,E,=A (12.3) 


The bar over the A in Eq. 12.3 means NOT. For example, if EF; fe 1, 
E, = 0; likewise if #; = 0, H, = 1. Incidentally, the only transistor 
circuit that inverts a signal is the common emitter amplifier. 

The above three building blocks can now be used to build ‘up more 
complex logical circuits. One such configuration is the inhibit circuit, 
which requires a NOT circuit and an AND gate. It performs the follow-— 
ae E, = AB (12.4) 


Stated in words, this expression means that an output, Bo, will appear if a 
signal A and no signal B are present. The circuit of Fig. 12.5 performs: 
this logical function. ' 

Referring again to Fig. 12.5, a signal A is applied to terminal 1 and no: 
signal (B) is present at terminal 2. Because B is zero, B = ONE, 
Hence the AND gate sees two ONES at its terminals and H, = 1. 

A useful circuit in a computer is the bistable multivibrator (or multi), 
It is also referred to as a flip-flop or binary. This device is similar to the 
astable multivibrator described in Chapter 11, except that it is not free= 
running. Using but two of the basic building blocks, the OR gate and 
NOT circuit, we may realize the bistable multi as shown in Fig. 12.6, 


_— 


A — 
i E,=AB 
dh | 


Fig. 12.5. Symbolic representation of the INHIBIT circuit. 
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Signal | | 


A B 





Fig. 12.6. Symbolic representation of a flip-flop circuit. 


In this diagram we show boxed and unboxed ZEROS and ONES. 
The unboxed ZEROS and ONES represent initial conditions. Let a 
signal be applied to terminal A; the new states are indicated by the 
boxed-in ZEROS and ONES. Note that the outputs of the NOT cir- 
cuits, V; and No, have changed their states: V 1 going from a 1 to a 0, 
and N2 froma0toal. The foregoing can be summarized by a simple 
rule regarding flip-flop operation: 


When one NOT circuit is a ZERO, the other is a ONE, and vice versa. 
This behavior may be simply described by saying that the output of 
one NOT circuit is always the complement of the other. 


To obtain the original states, a pulse would be applied to terminal B. 
In this case, if a signal is applied at B, OR gate O2 produces an output. 
This output applied to the input of NV 2 causes its output voltage to go to 
zero. A zero voltage is now seen by OR gate O,;. Since no signal is 
present at A, the output of 0,, is ZERO. This no-signal condition is 
seen by N and a signal appears at its output. Thus, the flip-flop has 
now returned to its original state: a signal at the output of N;, and no 
signal at the output of N». 

The bistable multivibrator is the heart of the shift register and the 
counter. The shift register iswused to hold a word, that is, a number or 
instruction, the computer may be processing. Counters keep track of 
the timing operation in a computer. 


Diode-Transistor Logic 


There are a number of different circuit techniques which can be used to 
realize the three basic building blocks of a digital computer. Once the 
circuit designer makes a choice, he remains with it, One of his main 


BR fit ce nee 
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-E Ecc 
R R, 
E, A : Eo E, 

B B 1 E; 

i 8 1 

H 1 
No—}—_ = No— = 
(a) or gate (5) AND gate (©) NOT circuit 


Fig. 12.7. The three basic building blocks (shown for negative pulses) of diode- 
transistor logic. 


problems is to formulate the loading rules. For example, he may have 
to determine how many NOT circuits can be reliably driven by a flip-_ 
flop. 

In this section, we are going to examine a particular circuit configura- 
tion, diode-transistor logic. The inhibit and flip-flop circuits will be built 
up using this logic. The diode OR and AND gates were analyzed in 
Chapter 3. These gates and the NOT circuit form the three basic build- 
ing blocks for diode-transistor logic, as summarized in Fig. 12.7. 

Referring to Fig. 12.7a, if a negative signal is applied to terminals A, 
or B, or N, or any combination thereof, the diode becomes forward- 
biased, and an output signal appears at H,. In Fig. 12.7b, an output 
signal will appear at Z, only if all the diodes are reverse-biased. In Fig. 
12.7c, when a suitable signal E; is applied to the input to cause full con- 
duction (Ic & Ecc/Rt), the output, E,, will be approximately zero. 

Referring again to the block diagram of Fig. 12.5, the inhibit circuit 
requires a two-input AND gate and a NOT stage. The corresponding 
diode-transistor circuit is shown in Fig. 12.8. The NOT circuit consists 
of a p-n-p transistor Q;, and load resistor, Rx. The AND gate is com= 
posed of two diodes, D; and Ds, and load resistor, R. A negative pulse 
at A reverse-biases diode D;. The absence of a signal (B) prevents tran= 
sistor Q; from conducting. Diode Dz therefore sees a voltage B approxi- 
mately equal to —Ec volts. This reverse-biases Dy and therefore the 
output of the AND gate, H,, equals —E volts. 

The circuit of Fig. 12.8 is used for negative pulses. For positive pulses 
an n-p-n transistor is employed, the diode connections are reversed, 
the supply voltages are made positive. 

We are now ready to construct the bistable multivibrator. Refe 
again to Fig. 12.6, we see that two OR gates and two NOT circuits 
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I-E,o1>|-E! 





Fig. 12.8. The INHIBIT circuit formed with diode-transistor logic. 


required. We shall first hook these up (for negative signals) to cor- 
respond to the block diagram, as shown in Fig. 12.9. OR gates, 0, and 
Oz are each composed of two diodes and resistor, R. A signal at the in ut 
of each gate for either diode will result in a signal at the output of tlie 
gate. The NOT circuits, V; and Ne, are comprised of transistors Q, and 
Q2, respectively, and their load resistors Ry. A signal appearin, “ th 

inputs of either Q; or Qe results in zero output. ; ; 
The elements of the flip-flop (Fig. 12.9) will now be arranged in an 
identical circuit to conform to common practice as shown in Fig. 12.10 

The reader should compare this circuit with the astable multivibrator 





Fig. 12.9. A flip-flop b i ; . ‘ 
diagram of Fig, 126) ased on diode-transistor logic. (This corresponds to the block 
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Fig. 12.10. A conventional schematic of a flip-flop. 


of Chapter 11 (Fig. 11.12) and note the similarities between them, p 
ticularly the symmetrical nature of the circuits. 

Because resistors are less expensive than diodes, they are gene 
used for coupling the collector of one transistor to the base of the ot 
in the flip-flop. This circuit with component values, illustrated in 
12.11, is functionally identical to Fig. 12.10 and will be the basis 
further discussion. The resistors which replace the diodes are shown 

ig. 12.11 as Rp. | 
ee us check the state of Q. under the conditions that Q, is OFF 
nonconducting. The d-c beta, Bg.) equals Ic/Iz. Assume a 
Bia-c) equal to 40 for Q; and Q:. Assume also that the ON vo 


Fig. 12.11. A flip-flop with resistance coupling between the collector and 
cuits of the transistors. 
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Veat = —0.25 volt, and that the base-emitter voltage, Vgz, to turn the 


transistor on is —0.5 volt. The collector current, Zc, for an ON tran- 
sistor will be 


Ece ae Vat 
Rr 


Ic = (12.5) 


—12 — (—0.25) 
Therefore, I¢ = ———_—— _ = ~11.75 ma 


1000 


The minus sign in the answer indicates that current flow is from emit- 
ter to collector. If an n-p-n transistor were used the sign would be 
positive, indicating a flow of current from collector to emitter. 

The required base current, Iz, is 








I fo (12.6) 
B= f 
Brac) 
—11.75 
or Iz = rm = —0.293 ma Y —0.3 ma 


This means that if transistor Qo is conducting, its base current must be 
a minimum of 0.3 ma. With the aid of Fig. 12.12, this will be verified. 
Since Q, is in the OFF state, and neglecting reverse saturation current, 
the transistor appears as an open switch. Hence, it may be removed for 


purposes of calculation (Q, is shown dotted in the diagram). From Fig. 
12.12: 


_ Ecc — Vez 


ins 12.7 
ae ee (12.7) 


-Ecc = —12 volts 





Fig. 12.12, Equivalent circuit for calculating the minimum base current, Ip, re- 
quired for full conduction of Qs. 


- aneteh ‘ ee 
. the ee ee es eee ee —— 
4 ee ee ee 

a ee ee ee ee eee 
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—12+4+ 0.5 
1+ 6.2 


Because 1.6 ma is greater than the required minimum base current, 
0.3 ma, the transistor is conducting. Also, inasmuch as the actual - 
ing base current is greater than the minimum for full conduction, e 
transistor is said to be in saturation. The few simple calculations shown 
above are always required to verify a or not a bistable multivibra- 

two definite states: ON and OFF. 
ee aa is now directed to a study of loading effects, that is, 
determining the number of logic circuits that can be driven by a ie 
ticular stage. This analysis is perhaps more detailed than those a 
ously dealt with, but for a purpose. First, it is designed to ang t 
reader a “feel” for what is involved in formulating a loading rule; and 
second, it points up why there is a limit to the number of driven oo 
The flip-flop of Fig. 12.11 will be used for purposes of illustration. ) 
indicate the method of analysis, we shall determine the number of N 
circuits that can be reliably driven from an OFF transistor. It sho 
be kept in mind that the driven unit in a flip-flop is the OFF transistor, 
The function of the ON transistor is to transfer a ZERO signal to anot 
ircuit ... it does not drive. > 
The reverse saturation current, I¢zo, cannot be neglected for this 
culation. This will be a maximum at the highest temperature of ope 
tion for the transistor. Based on this, let Jczo = 1 ma. 


mo Ip = = —1.6ma 


















-Eoc = — 12 volts —-Eoc = — 12 volts —Egc = — 12 volts 







2 
~ Off 
ig transistor 
~*~, 


nN” 


Original 
flip-flop 


Fig. 12.13. Equivalent circuit for determining the number, V, NOT ciroults 
flip-flop of Fig. 12.11 can derive. 
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Referring to the equivalent circuit of Fig. 12.13, note that a 6.2 K 
resistor is placed in series with the base of each NOT transistor for 
reasons of symmetry. Equating the voltage drops across R,, Rr, and 
Qn to Ecc, we can write the following expression for the OFF transistor: 


NIzgky 





Rilczo + RrIz + RiNIp + = Eco — Var 


Solving for N, the permissible number of driven NOT circuits: 


_ Ecc — Vax — (Rr + Rx)Iz — RrI cro 
RrIp 


N (12.8) 


Substituting the values of Fig. 12.13 into Eq. 12.8: 


_ 12-05 - 624+ 103-1x1 
03X1 "A 


N 27.4 


We may therefore conclude that for the circuit of Fig. 12.12, a flip-flop 
can drive a maximum of 27 NOT circuits. A fraction of a transistor, 0.4, 
has no physical meaning. 

The above calculations were performed on a specific circuit for il- 
lustration only. The same technique can be applied to other configura- 
tions, as well. Furthermore, the analysis is the same for n-p-n as for 
p-n-p transistors. 


NOR Logic 


The basic building blocks of a digital system using diodes and tran- 
sistors were previously described as AND, OR, and NOT circuits. Com- 
binations of these building blocks produce various unique functional 
cireuits such as the INHIBIT and the FLIP-FLOP. There are numerous 
other functional circuits which can be evolved using these basic logic 
elements. Also, there are other basic logic elements in addition to AND, 
OR, and NOT, one of which is NOR. 

In NOR logic, we can consider that the three basic building blocks, 
AND, OR and NOT, are “blended” into one unit, the circuit of Fig. 12.14. 
Notice that we use one transistor and a number of resistors. This be- 
comes the basic building block for this type logic. The resistors, Ry, 
Ry, ..., Ry, act as an OR circuit, that is, any input signal will produce 
an output signal. At the base of the transistor we have A+B+----+N. 
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Ecc 


E,=A+Bt+.-4+N 





Fig. 12.14. The NOR circuit and its equations. 










The common-emitter connected transistor inverts this and E, is ex- 
pressed by 
E,=At+B+:::+N 


where the bar above the letters indicates a NOT function. Equation 12, 
states that the output, E,, is equal to the not of (A or B or Cor... N) 
Using switching algebra, we can express Eq. 12.9 as follows: 


A+dB+:--+N =AxBx--:xN 


where the x indicates an AND function. Equation 12.10 states that the 
not of (A or B or C or ... N) is identical to the not of A and the not 
B and the not of ... N. en 

What Eqs. 12.9 and 12.10 imply is this: the NOR circuit can be m 
to behave as an OR or an AND gate, depending on the polarities of \ 
inputs, A, B, ..., N. For example, if it is to be an OR gate, the in 


-Ec¢c 


or B=1 


or C=1 





Fig. 12.15. 
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Ecc 








A=0 


0+0+0=0 





and B=0 


and C=0 


Fig. 12.16. NOR logic used for a 3-input AND gate. 


signals are ONES (a voltage input is present); if it is to be an AND gate 
the input signals are ZEROS (no input voltage is present). In Fig. 12.15 
any one of three inputs (shown as ONES), A, B, or C present at the input 
of Q; through their respective R’s results in an output E, equal to 
1+ 1+ 1, which is equivalent to 1 = 0. This establishes the operation 
of the NOR circuit as an OR gate. An AND gate is shown in Fig. 12.16. 
Here, using the same NOR circuit, the inputs must all be zero volts 
(ZEROS). At the base of Q; we therefore have a zero which is inverted 
by the transistor so that Z, is0+0+0=0= 1. This defines the 
operation of an AND gate, using NOR logic. 

Two NOR stages form a flip-flop, as shown in Fig. 12.17. The identical 
methods discussed under Diode-Transistor Logic for verifying the ON 
state of a transistor and for checking the loading, can be applied here. 
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Briefly, there are two NOR circuits. The first consists of Q; and its 
input resistors R, and load resistor Rz1; the second includes Q.2 and its 
resistors Ry and Ry». As a bistable multivibrator (flip-flop), when one 
transistor conducts the other transistor is nonconducting. The opera- 
tion of this circuit is similar to that of Fig. 12.11, the difference being that 
instead of using diodes for inputs A or B we use resistors R, and Ro. 


Dynamic Response of a Transistor 


In the previous discussion of this chapter the analysis was on a d-¢ 
basis. One important quality of transistors used in digital application 
is their switching speed, which falls in the category of dynamic response, 
The following, which is a review of material previously presented (Chap: 
ter 4), briefly defines some of the factors which limit transistor switchin 
speeds. 

Assume that an ideal pulse, that is, a pulse with zero rise and fall tim 
is applied to the common-emitter transistor circuit of Fig. 12.18a. Th 
output will be an amplified version of the input pulse. To simplify m 
ters, let the gain of the common-emitter stage be adjusted to unity, ar 
let us disregard the phase inversion of the transistor. A comparison 
the input and output wave shapes are shown in Fig. 12.18. It is not 
that the actual output wave shape is quite different from the ideal om 
shown in light lines. 

The output wave shape is determined primarily by the dynamic 1 
sponse of the transistor, where the following delays are introduced: 


1. Transit delay, tp. 

2. Rise time, tp. 

3. Storage time, ty. 

4. Fall (decay) time, éy. 


The transit delay, tp, is a result of the finite time it takes the cs 
(electrons, holes) to travel from the emitter to collector. This de 
generally the least of the four delays. 

The rise and fall times, tg and tr, respectively, are caused by the if 
ternal capacities of the transistor, the circuit reactances, and the amoult 
of base drive. The greater the base current, the shorter will be the iT 
time. As we shall soon see, there is a practical limitation of the amé 
of base drive because of storage time effect. 

The decay time can be decreased by supplying a reverse pulse t¢ 
transistor base at the termination of the pulse. A practical metho 
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(a) 





(b) 


Fig. 12.18. (a) An ideal pulse appli i 
, pplied to the input of a i i 
(b) Comparison of output and input waveforms. . Cee ae 


achieving this is by using a commutating capacitor, (,, shown in Fi 
12.19. Besides decreasing ty, this capacitor also reduces rise time “4 
The operation is as follows: Initially the capacitor is uncharged and 
acts as a short. The leading edge of the input pulse appears directly 
across the base-emitter junction. The capacitor charges up during the 
duration of the pulse. On termination of the pulse, the capacitor dis- 
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E cc 


Co Rk, 


| | R 
r F 


Fig. 12.19. The effect of a commutating capacitor, Ce. 
charges through resistor Ry. A reverse voltage spike appears whic 
helps turn off (decrease the fall time) of the transistor. 

Storage time, ts, is unique to transistor operation. It is the time 
takes for the emitter carriers to clear out of the base region of the t 
sistor. Storage time is a function of the device and the amount of b 
drive; a high value of base drive results in a long storage time. 

The aforementioned time delays are the primary factors which li 
the switching speed of a transistor. Transistor manufacturers supp 
this information in their data sheets. 


Summary 


The three basic building blocks used in the Arithmetic and Contr 
sections of a computer are the OR and AND gates and the NOT cire 
These functions can be realized by a large variety of transistor | 
circuits. In this Chapter, two types were dicsussed: Diode-Trans 
Logic and NOR Logic. Once the circuit logic is chosen, loading rules 
generated to ensure reliable system operation. The dynamic respo 
of a transistor is the primary factor limiting the switching speed of 
device. 


Problems 


12.1 Describe, in your own words, the function of each of the 
building blocks of Fig. 12.1. 

12.2 Express the following decimal numbers in binary form: (a) 
(b) 31. (c) 85. (d) 123. (e) 482. 
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12.3 It is possible to use 8 as a radix (the octal system). For this 
system, there are 8 digits: 0, 1, 2, 3, 4, 5,6,and 7. Express the following 
decimal numbers in octal form: (a) 8. (6) 17. (ce) 141. 

12.4 For the logic circuit of Fig. P12.4, find e,. 

1 
0 


1 1 
Fig. P12.4 


12.5 Draw a logic circuit which satisfies the following expression: 


@ = (AB+CD)E 


12.6 Figure P12.6 is an EXCLUSIVE-OR circuit. Write an expres- 
sion for the output of the circuit. 


A 


Output 
. p 


Fig. P12.6 


12.7 For the flip-flop of Fig. P12.7, Bide) min = 20, Vest = 0.1 
volt, and Vez = 0.3 volt. If Q,; is OFF, verify that Q. is ON. 


10 volts 


Ge Ge 


1 Q2 


Fig. P12.7 
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12.8 Figure P12.8 illustrates a NOT circuit which happens to be in 
the OFF state. Assuming Ic¢zo = 0, find the maximum number of 
identical NOT circuits that may be driven from the off stage. B(a-c) min 
for each transistor is 30 and Vgz = 0.7 volt. 


5 volts 


Fig. P12.8 


12.9 Referring to Fig. P12.9, determine the maximum number 
NOT circuits that may be driven by the flip-flop. Iczo = 0.1 
B a-c) min = 20, and Ver = 0.3 volt. 


10 volts 


10 volts 





Fig. P12.9 


12.10 The circuit of Fig. P12.10 is called a PARALLEL GA 
When all the inputs are ZERO, an output appears at ¢. Jczo for 
transistor is 0.25 ma. Find the maximum number of transistors that 
be used in this circuit to yield an output, e, = 0.3 volt. No signal 
plied to the base of any transistor. | 


ee ee ee ee 
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Ecc = -1.5 volts 





Fig. P12.10 


12.11 Consider Fig. P12.11. J, for each transistor is0.1 ma. Assume 
Icro = 0 and Jz; = 0 for transistor Q;. What is the minimum Ecc 


necessary to turn on transistors Qo-Q7? Vgrz = 0.7 volt for each tran- 
sistor. 





Fig. P12.11 


12.12 List the differences and similarities between diode-transistor 
logic and NOR logic. 


P 12.13 Explain how a commutating capacitor reduces fall and rise 
imes. 


= “ a ee Se 


































Chapter 13 


The Tunnel Diode 


In this chapter we study a semiconductor device with characteristics 
different from the conventional semiconductor diode and transistor, 
Called the tunnel diode, it makes use of an entirely different principle 
carrier injection. New concepts necessary to an understanding of the de 
vice are introduced and explained. They are Fermi level and tunneling 
After a discussion of the theory of the tunnel diode, a number of applic: 
tions will be presented. 


Fermi Level 


Tunnel diode operation is best explained with the aid of energy le 
diagrams, which were discussed in an elementary fashion in Chapter 
We now elaborate on this subject to pave the way for an introduction 
concepts necessary in understanding tunnel diode action. 

In Fig. 13.1 we show energy level diagrams of an insulator, a cond 
tor, and three types of semiconductors. The valence band in an insula 
(a) is filled, and the conduction band is empty; also the energy gap is 
atively wide. In a conductor (b) the valence and conduction b 
overlap, allowing a free flow of electrons between bands. In an intr 
semiconductor (c) the energy gap is narrower than that of an ins 
tor owing to the presence of thermal carriers. In doped semicond 
tors (d) donor and acceptor levels extend into, and effectively reduce 
width of the energy gap. 

Electrons are present in both conduction and valence bands of a 
conductor material. The average number of electrons is the total di 
by two. If these electrons could be pictured as being distributed ¢ 
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p-Type 
— 
: Fp 


7 


Valence 
(filled) 









Y) 
tiled) 
(filled) Y 


LA 





Electron energy 





(a) Insulator 


(6) Conductor 


(c) Intrinsic 
semiconductor 


(d) Doped semiconductors 


Fig. 18.1. Energy level diagrams of an insulator, a conductor, and semiconductors. 


across the energy gap, there would be one level in the gap which would 
correspond to the average referred to above. This level lies on a line 
called the Fermi level. 

The Fermi level gives a relative value (or probability) of the average 
electron potential, or voltage, of a semiconductor. When comparing the 
Fermi levels of two semiconductors, we note that the difference in height 
between Fermi levels is the difference of electron potential between the 
two semiconductors. 

Referring again to Fig. 13.1, we observe that in an insulator the Fermi 
level (F) is located in the middle of the energy gap. The same is true for 
an intrinsic semiconductor. In a conductor, the Fermi level lies in the 
region where both bands overlap. In doped semiconductors, however, 
the Fermi level is brought toward the region which contains the greater 
concentration of free electrons (n-type) or holes (p-type). 

In an n-type semiconductor (d) the Fermi level, F,, climbs towards 
the bottom of the conduction band. In a p-type, this level, F,, drops 
towards the top of the valence band. Observe that the relative Fefmi 
level is higher for the conductor than for the insulator. 

Now consider the energy level diagrams in a p-n junction with different 
values of applied bias (Fig. 13.2). With zero bias (a), the Fermi levels 
F, and F,, must be the same, that is, 7, = F,. If they were not the same, 
there would be a continuous flow of electrons from higher to lower Fermi 
levels. But a flow of electrons without an external source of power would 
violate the principle of energy conservation. Therefore, the p and n 
materials must take the relative positions shown to satisfy the condition 
Fy = Fn. 
























































224 Semiconductor Fundamentals: Devices and Circuits 













Fy = Fermi level 

on p side 
F, = Fermi level 
on n side 









V, 
=||F* 


(a) Zero bias (6) forward bias (c) Reverse bias 


Fig. 13.2. Fermi levels in diode with different values of applied bias. 





Original Water I 
water levels are er 
(unequal) equa 





& \_ Membrane 
under tension 


(a) Before turning on valves (0) After turning on valves 


Fig. 13.3. Hydraulic analog relating water levels in two containers and Fermi I 
in a diode. 
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It is appropriate at this point in our discussion to make a comparison 
between Fermi levels and water levels. Fermi levels in a junction are 
compared to water levels in two containers in Fig. 13.3. A flexible mem- 
brane allows the pressure in one container to be exerted on the other. 
With no external pressure, the liquids in both containers reach an equal 
level after the valves are turned on, asin (b). This is analogous to equal 
Fermi levels present in a p-n junction without bias (Fig. 13.2a). The 
energy stored in the membrane is the analog of the energy stored in the 
electric field across a p-n junction. 

With forward bias (Fig. 13.2b), the majority carriers are increased. 
This raises the Fermi level of the n-type and lowers the Fermi level of the 
p-type regions. The net difference in Fermi levels, F', — F>, is a measure 
of V;, the forward bias, both in magnitude and polarity. Observe that 
the right-hand (n) valence and conduction bands are pushed up, and 
the left-hand (p) bands pushed down to conform to the changes in 
Fermi levels. 

The hydraulic analog of forward bias (Fig. 13.2b) is illustrated in 
Fig. 13.4. Here, an external pressure applied to the liquid in container 
No. 2 causes the membrane to be stretched to the left. The resulting 
difference in water levels is a measure of the applied pressure, just as the 
difference in Fermi level is a measure of the applied bias. 

Reverse bias (Fig. 13.2c) also produces a difference in Fermi levels. 
In this case, the polarity of the difference between Fermi levels is re- 
versed. The n conduction and valence bands are now pushed down and 
the p bands pushed up. Comparison of the potential hills in Fig. 13.2 
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Fig. 13.4, Hydraulic analog under conditions of pressure applied to reduce the ten- 
sion in the membrane, 
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Fig. 138.5. Hydraulic analogy with pressure reversed. 







reveals that, with the zero bias hill as a reference, the slope of the 
with forward bias (b) is reduced, and with reverse bias (c) it is incre 

In the “reverse bias” water analogy of Fig. 13.5, a pressure applied 
the liquid in container No. 1 causes the membrane to be stretched to 
right. The potential energy of the membrane is now opposite in di 
tion to that of Fig. 13.4. The difference in water levels, as before, is 
measure of the applied pressure. 

To summarize the foregoing discussion, the Iermi level defines 
relative electron intensity, or potential, of a material. In a junction 
vertical distance between Fermi levels, and their relative polarities, 
pends on the amount and type of bias applied to the junction. 




















Highly Doped Junctions 










i In highly doped n-type materials, the added donors produce a 
concentration of electrons in the conduction band. In highly doped 
type materials the acceptors produce an unfilled region at the top 
the valence band. In addition, in both cases, an effective reduction 
the width of the energy gap results. If the impurity concentration 
very high, the Fermi level may actually lie within the conduction 
for an n-type material, and within the valence band for a p-type ( 
13.6). 

Figure 13.7 shows the energy level diagram of an unbiased hea 
doped diode. Observe that (1) the Fermi level for the p and n 
lie on the same energy levels; (2) portions of the p-valence and n 
tion bands also lie on the same energy levels; and (3) the junction 


























The Tunnel Diode 227 








Y. 
2 
(a) (b) 


\X 


Fig. 13.6. Fermi levels in highly doped p- and n-type materials. (a) Fermi level, 
F,, lies in a valence band. (b) Fermi level, F'n, lies in conduction band. 


is very thin. The thin junction width is explained by the high concentra- 
tion of ionized donors and acceptors that occupy the depletion region. 

In conventional junction diodes, the impurity concentration is of the 
order of 10'° per cc, and the barrier width 1 mil. In heavily doped junc- 
tions, where the impurity concentration is of the order of 10'° per cc, 
the barrier width may be reduced to 50 to 100 Dimensions of this 
order give rise to a flow of electrons across a junction which cannot be 


Very thin junction width 


Cond 


Electron energy 





Vig. 13.7. Energy level diagram of an unbiased heavily doped diode. Fermi levels 
lie on same energy level. 
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accounted for by classical considerations. In this case we resort to a 
branch of physics called Quantum Mechanics, which brings us into the 
ject of tunneling. : 

re barrier width of a junction is reduced to about 100 A, it is found 
that a small forward bias (Fig. 13.8a) may produce a high component of | 
current that cannot be accounted for by normal diode action. This cur- 
rent is the flow of electrons from a region containing many electrons into 
an empty region on the same energy level by a process called tunneling. 
The tunnel current is not to be confused with the normal junction current 
in a forward biased junction shown in Fig. 13.8). 

Tunneling may be explained with the aid of Fig. 13.9. Here we show 
an electron at a certain energy level in region I, the latter being separated f 
from region II by a barrier of width W. According to classical physics, 
the electrons in region I cannot reach region II because of the height of 


i Barrier 
p p 
n 
; Cond 


Electron energy 





(a) 


Fig. 13.8. Current flow in tunnel and normal diodes. (a) Forward-biased t 
diode action. Electrons from one region penetrate barrier into unfilled region on 
energy level. Barrier width ~ 50 to 100 A. Arrow indicates electron flow. N 
diode action (see b), also present, is not shown. (b) Normal forward-biased 
action. Carriers climb the potential hill between junction. Barrier width » 1 
Arrow indicates electron flow. 
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Fig. 13.9. An electron striking thin barrier produces an electromagnetic wave which 
traverses the barrier and results in the presence of an electron on the other side of 
barrier. The electrons on both sides of the barrier are at the same energy level. 


the potential hill; nor can the electron, as a particle, physically penetrate 
the barrier. However, there is a certain dualism connected with an elec- 
tron. From a quantum mechanics point of view, the electron exists both 
as a particle and as an electromagnetic (EM) wave. 

Consider a very narrow barrier separating two energy states. If a 
substantial number of electrons are in one state and the other is empty, a 
certain percentage of electrons will be found in the hitherto empty state. 
This is explained as follows: When an electron, as a particle, strikes a 
barrier, the electromagnetic component of the electron enters the barrier. 
If the barrier is thin enough, the wave will penetrate it completely, and 
on emerging from the far side of the barrier, will produce a free electron. 
The energy level of the electron in the second region is the same as that 
of the electron in the first region. A condition that must be satisfied 
for this process to take place is that there be a large number of electrons 
in the first region and a relatively small number in the second region. 

In view of the preceding discussion, when an electron strikes an atom 
at the surface of a barrier, the kinetic energy of the electron is converted 
into electromagnetic energy. When the electromagnetic wave reaches 
the far surface of the barrier, it displaces an electron from one of the 
boundary atoms. This process takes place with the speed of light— 
3 X 10’? em per sec. We are now ready to apply these principles to the 
tunnel diode. To this end we might summarize the preceding para- 
graphs: 


1, Fermi levels are the means by which electron intensities of ma- 
terials at various energy levels may be compared. 
2. Tunneling may occur between two thinly separated regions on the 
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same energy level, provided one region contains a large number of free 
electrons and the other is relatively empty. 


Tunnel Diode Characteristics 


In 1958, Dr. Leo Esaki published his findings on the characteristics 
of heavily doped p-n junctions. This led to the tunnel diode which ex- 
hibits the unusual characteristics shown in Fig. 13.10. In this figure 
the solid line represents the characteristic curve of a tunnel diode, and 
the dashed line represents that of a normal diode. Observe that in 
region II (between points 3 and 4 on the curve) the current decreases 
with increasing applied voltage. This region is said to have a negatwe 

ance. 
— reverse bias portion of the curve, region IV, is also unusual. Here 
the characteristic is a mirror image of the curve in region I (between 
points 1 and 3). The portion of the curve spanning regions IV and I 


9 Tunnel diode 
characteristic 
Av 
? N -Ai 





Normal diode 
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Fig. 13.10. Comparison of tunnel and normal diode characteristics, 
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exhibits properties corresponding to those of a metal, that is, high values 
of current for both forward and reverse bias. Increasing values of for- 
ward bias corresponding to region III produces a tunnel diode charac- 
teristic which virtually coincides with that of a conventional diode. 
Actually this coincidence is not exact, the tunnel diode exhibiting some- 
what higher values of current, especially around point 4. 

It is customary to define point 3 as the peak point. Its corresponding 
forward bias, V,, is the peak point bias, and the current, I, is the peak 
point current. Similarly, point 4 is the valley point, corresponding to a 
valley point bias of V,, and a valley point current of I » Finally, point 6 
is referred to as the forward point. Its corresponding current is J,, and 
voltage, Vy». With this background material we shall now explain the 
different portions of the tunnel diode characteristic in the zero, forward, 
and reverse bias regions. 

Zero Bias. Referring again to Fig. 13.6, we note that the Fermi level 
in the highly doped p-type material is located below the top of the va- 
lence band. Also, the Fermi level of the n-type material is located above 
the bottom of the conduction band. With no bias applied to a tunnel 
diode (Fig. 13.11a) energy conservation principles dictate that the Fermi 
level of the p and n materials must be equal. Under these conditions 
the p-valence and n-conduction bands align themselves in the manner 
shown. Except for the initial displacement current when the junction 
is first formed, the current through the junction is zero. This cor- 
responds to point 1 of the characteristic in Fig. 13.10. 

Forward Bias (Region 1). The application of a small forward bias 
(Fig. 13.11b) brings the Fermi level F’, below that of F,. In this case the 
bottom of the conduction band of the n material lies at the same energy 
level as the top of the valence band of the p material. In accordance 
with the principles of tunneling, a flow of electrons, I, takes place from 
the conduction band into the unfilled region of the valence band. This 
current is indicated on the characteristic of Fig. 13.10 as point 2. 

A further increase of forward bias brings the p-valence and n-conduct- 
ance bands into greater alignment. Ultimately, a value of forward bias is 
reached where a maximum current is obtained (point 3 of Fig. 13.10). 

Forward Bias (Region II). Further increase of forward bias beyond the 
maximum current value J,, widens the distance between Fermi levels. 
This causes the in-line valence and conduction bands to move away from 
each other to a point where they are no longer on the same energy level 
(Fig. 13.11c). During this process the diode current in Fig. 13.10 drops 
from point 3 to point 4. This corresponds to the negative resistance 
region. Point 4 represents the minimum value of tunnel current in the 
region of forward bias, 
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Energy level diagrams of tunnel diode with increasing forward bias. 


Fig. 13.11. 
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Forward Bias (Region III). Further increase of forward bias after point 
4 causes additional displacement of the Fermi levels. The filled valence 
and unfilled conduction bands are no longer in line, and the tunnel cur- 
rent flow ceases. However, in this region of operation, the potential hill 
between the p and n materials is at a value where normal forward diode 
current flows. The remainder of the characteristic follows the curvature 
of a conventional diode curve. Point 5 is a typical value of normal for- 
ward current flow in this region. 

Reverse Bias (Region IV). Reverse bias (Fig. 13.11d) moves the Fermi 
level F, below F,. The n and p regions are now located so that the p- 
valence band lies on the same energy level as the unfilled portion of the 
n-conduction band. A flow of tunnel electrons from the unfilled p- 
valence band to the empty portion of the n-conduction band will now 
take place. This gives rise to a large negative diode current — I. 

Point 7 of Fig. 13.10 corresponds to a reverse bias voltage, V7. As 
this bias is increased in the negative direction, the separation between 
Fermi levels F, and F,, increases. ‘This permits greater numbers of n- 
valence and p-conduction levels to line up with each other, thereby 
increasing the negative current flow in the diode. 

Figure of Merit. The ratio of peak current to valley current (peak-to- 
valley ratio) is a figure of merit of a tunnel diode. A typical tunnel 
diode with a peak current of 1 ma will have a peak-to-valley current 
ratio of 10 to 1. The corresponding voltage at the peak current is about 
50 mv, and the voltage at the valley current is 150 mv. 


Properties 


Tunnel diodes have many useful properties such as negative resistance 
(or negative conductance), high switching speed, and exceptional operat- 
ing stability for wide variations in temperature. These properties make 
the tunnel diode a truly versatile device. 

Conductance. The conductance of a tunnel diode is 


At 
—gq = — (mhos) (13.1) 

Av 
where Az is a small change in diode current 
in diode voltage 

(Fig. 13.10). 

Inasmuch as current decreases as voltage increases, the conductance is 
negative in region III. Typical values of negative conductance are be- 


produced by a small change 
Av, on the characteristic curve between points a and b 
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tween —0.006 and —0.010 mho. These correspond to negative resist- 
ance values between 167 and 100 ohms. 

Speed. The tunnel diode has an extremely thin junction. Therefore 
the transit time, or the time it takes for a carrier to travel across the junc- 
tion, is very short. This applies to normal diode currents as well as tun- 
nel currents. Relating transit time to switching speeds, we find that the 
tunnel diode has a theoretical switching speed of 10” megacycles per 
second. In logic circuits such as used in digital computers this prop- 
erty is particularly useful. 

Temperature Dependence. Current flow ina tunnel diode is primarily 
a function of tunneling, whereas in a conventional diode current flow de- 
pends upon the ability of holes and electrons to surmount potential hills. 
The latter is temperature dependent as indicated in Eq. 2.7 of Chapter 
2. Tunneling, on the other hand, is an electromagnetic phenomenon 
and the current flow is not temperature dependent. 

Applications. Tunnel diodes may be used in a wide variety of circuit 
applications such as switches, amplifiers, oscillators, and converters. In 
view of our understanding of amplification in a three-element device 
such as the transistor, it may be somewhat difficult to visualize a diode 
as an amplifier. This will be made clear in the pages that follow, where 
we shall show how a negative conductance device, the tunnel diode, can 
be made to perform the functions of amplification and oscillation. 


Equivalent Circuit 


An a-c equivalent circuit of the tunnel diode is shown in Fig. 13.12, 
L,, the series inductance, is contributed mostly by the leads. Rs, the 


series resistance, is the bulk resistance of the semiconductor material, 
C includes the capacitance of the junction, the leads, and the assembly, 
The negative conductance, —ga, has been defined in Eq. 13.1. Its re» 
ciprocal, —Ra, will henceforth be referred to by its magnitude, Ry. 


unnel diode 
Ls Rs iy co tin > | 
c | 
| | 
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Fig. 13.13. Series- and parallel-connected equivalent circuits. (a) Series-connected 
equivalent circuit. (b) Parallel-connected equivalent circuit. 


Amplification and Oscillation 


Power gain may be expressed in a number of ways, depending on the 
desired meaning. Four examples are maximum, operational, transducer 
and insertion power gain. For tunnel diodes, insertion power gain (G) 
is most applicable and meaningful. Stated in words, it is defined as the 
ratio of the power at the load with a negative resistance network inserted 
in the circuit (P,p), to the power at the load with only the generator and 
load connected (P,), that is 

P. oD 


G,; = 
. (13.2) 





Equivalent circuits of series- and parallel-connected amplifiers are 
shown in Fig. 13.13. Reactances have been omitted for purposes of 
simplification. To prove that the insertion gain of a tunnel diode circuit 
is greater than unity, we shall calculate this parameter for the series 
circuit. Using the same approach, the student may prove, as an exercise 
(Prob, 13.9), that the value of this parameter is the same for parallel- 
connected circuits, 
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In Fig. 13.13a, V, is a source generator with an internal resistance Re. 
The negative resistance of the tunnel diode is — Rg, and the load resist- 
ance is Ry. The voltage at points 1-2 with —R, shorted out is 


Ry, ) ( 
= ———— 13.3) 
Vea = Ve (= +R: 
The power developed across Ry is 
Vi. RR, 1 
P= 7 et 
Ri (R, + Rr)* Rr 
Pp V7Ri 
7 ° (Ry + Ri? 


Now, with —Rag inserted: 


v.( Ry ) 
Vi-2 = Vg ey ey 


Ri? 1 
(Rp + Rr — Ra)? Rr 
V/ZRi 
~ (Re + Be — Ba)? 
Substituting Eqs. 13.4 and 13.6 in Eq. 13.2, we obtain 
V7Rt ij V7RL 


and Pop = V;? 


or Pop 


ip (Re + Rt —Ra)?/ (Re + Rx)? 
(Rg + Rx)? 
or G; = : 


(Re + Rt — Ray? 


If Ra ¥ 0, the numerator becomes greater than the denominator, 

; which was to be proved. 
2 ss iec 11, the oases was considered an amplifier with a 
feedback made to satisfy the Barkhausen criterion (A .B * 1). There 
another criterion for oscillation based on the negative resistance concept, 
This approach is most suitable in dealing with the tunnel diode. 

To this end, consider the RLC tank circuit of Fig. 13.14a. Assume 
that L and C are ideal, or lossless components. If the circuit is ex 
by a voltage pulse, and the output e, observed ona CRO, the wavef 
of Fig. 13.14b would appear. This is a damped sinusoidal 
with a frequency, f = 1/(2rV/LC). 
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(a) 





Fig. 13.14. Damped waveform produced in RCL tank circuit excited by a voltage 
pulse. (a) RCL tank circuit. (b) Waveform produced in excited RCL tank circuit. 


In the exchange of energy between L and C, some energy is absorbed 
by R, and is converted into heat. Ultimately, all the energy will be dis- 
sipated across R and the sine wave will decay exponentially as in Fig. 
13.14b. If R were removed, leaving only L and C in the circuit, the 
oscillations would continue indefinitely. One method of doing this is to 
introduce a negative resistance equal to or greater than R. This is ac- 
complished by the negative resistance of a tunnel diode. 


Modes of Operation 


Tunnel diodes may be employed as amplifiers, oscillators, converters, 
and switches. In Fig. 13.154 we examine the regions of operation as a 
function of R7, the total external circuit resistance. In Fig. 13.15, the 
equivalent circuit is shown, Between the values of Rr = 0 and Rr = 
L7/CRa, an unstable region of nonlinear oscillation exists. Vor Rp = 
























































238 Semiconductor Fundamentals: Devices and Circuits 














Rr=0 Rr= L7/CRa Rr= Ra Rr—>o« 
se (@) (Unstable) 
(Unstable) (Stable) 
Nonlinear Amplification Switching 





oscillations 












High gain Low gain 
narrow 


wide 
bandwidth bandwidth 





(a) Region of operation 


Ly Ri [ L,; Rs "y 
| | 
| oF MS 
| | 

Lyn Ty 4 he | 
Rr=R\ +R; i fia ca ea tea 


(b) Equivalent tunnel diode circuit 


Fig. 13.15. Variation of Rr from zero to infinity results in different regions of opera= 


tion. 


Lr/CRzg there is a narrow region of sinusoidal oscillation. When Lr/CR 
< Rr < Ra, there exists a stable region of amplification. Where Ry > 
Ra, we find an unstable region of switching. 

Note that the only stable region is where Lr/CRa < Rr < Ra. At 
the lower end, this region is one of high gain and narrow bandwidth; at 


the higher end, this region is one of low gain and wide bandwidth. The 


expressions relating R7 to other circuit values for various modes of tunn 
diode operation are as follows: 
Amplifier: 


Ly 
CR, T d (13.8) 
Ra 
Rye 13.0) 
14+ e2ORP 


where w = 2nf, and f is the operating frequency. 
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Oscillator: 
Ly 
Ep oo (13.10) 
Switch: CRa 
Rr > Ra (13.11) 
Applications 


Amplifiers. A 100-me tunnel diode amplifier is shown in Fig. 13.16. 
In this circuit, Rg establishes the operating bias, and inductor RFC de- 


couples the d-c source from the amplifier. The required val : 
initially derived from Eq. 13.9: quired value of Rr is 


R Na 
7 = —————. 13.9) 
1 202Rp 2 ( 
The value of R, is obviously ie 
R, = Rr — (Rg + Rr + R,) (13.12) 
Lr=1I, +L, 
Ls =6myh 
Rs = 2 ohms 
C=5 wut 
—8a = 0.007 mho 


Rr=R, +R + RgtR, 


R,= 500 line 









Operating 


Current 


Fig. 13,16, Tunnel diode 100 me amplifier, Operating point is shown in lower figure, 
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To obtain Lr, we refer to Eq. 13.8: 
L 
Rr > aie 


In this case we first calculate the value of Lr, where 
Ly = RrCRa 


and then employ a value of Lr slightly less than calculated to ensure the 
criterion established by Eq. 13.8. The calculations of Rr, Ri, and Lr 
are left as a problem for the student to solve (Prob. 13.12). 

Oscillators. Equation 13.10 establishes the criterion for sinusoidal 
oscillation, 


(13.13) 


\ 


In the diode oscillator shown in Fig. 13.17, inductor L; provides the 
circuit with the required conditions for oscillation as defined in Eq. 
13.10, where Ly = Lr — Ls. 

Bias current for the diode is obtained from voltage source V. The 
total external resistance of the circuit is 


Rr =Rh +R + Ri 


where, Rz; is the d-c resistance of inductor Ly. 
The frequency of oscillation is expressed as 


I 1 1 Rr 
0 Oe \/ LC Riel 


At high frequencies, the lead inductance may be excessive. In this ¢ 
the circuit of Fig. 13.18 can be used. Note that here Rg > Ri. 

The oscillator circuits shown above produce frequencies which are 
low the self-resonant frequency, f,, of the diode itself. This frequency 


(13.14) 


(13.15) 





1 1 1 
HT ONEC OR 
The power output, P,, of a tunnel diode oscillator is ; 
(Vo — Vp)Up — Io) 
8 


(13.16 


Py = 


where the subscripts v and p refer to the valley and peak points 
tively. 
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Fig. 13.17. Simple tunnel diode sinusoidal oscillator circuit. 


shown in lower figure. Operating point is 
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Fig. 13.18. Tunnel diode oscillator circuit in whi 

: ich battery supply lead inductan 
La, ise not add to total inductance, Lr. Rp is a potentiometer, and does son pice 
preciably affect total resistance, Ry, provided Ry > Ry, 
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Fig. 13.19. Tunnel diode converter circuit. Operating point is shown in lower figure, 


Converters. Tunnel diodes may be effectively used as low-noise fre= 
quency converters (Fig. 13.19). In this application, the operating point 
is located in the low-voltage positive-resistance region of the characteris- 
tic. The components C,-L, resonate at the incoming r-f frequency, fi. 
C3-L3 is the oscillator tank which resonates at frequency fs. Tinally, 
Co-L2 make up the intermediate frequency (i.f.) tuned circuit, which is 
resonant at fo. The various frequencies are related as follows: 


fa =fs—fi 
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Gain in the converter is produced by the oscillator driving the operat- 
ing point into the negative resistance region of the characteristic; in this 
region signal amplification takes place. Frequency conversion is a conse- 
quence of operation in the nonlinear (positive) portion of the characteris- 
tic. As a concluding observation, it is found that conversion noise at 
high frequencies is less in negative resistance oscillators than in conven- 
tional tuned oscillators. Thus tunnel diode converters have superior 
low-noise properties. 

Switches. Tunnel diodes have excellent switching characteristics. 
They lend themselves to relatively simple circuits, and switch in the 
order of 10~° sec. By way of introduction, we show in Fig. 13.20, two 
load lines superimposed on the characteristic of a tunnel diode. As a 
means of comparison, we also show the slope of the negative resistance, 
— Ra, drawn through the point of inflexion, b, which we shall designate as 
the operating point. The resistance of load line Ry, is less than Rz, the 
negative resistance of the diode; that of Rz» is greater than Ry. There- 
fore, Rz1, corresponds to an amplifier load, and Ry2 to a switching load 
(in both cases Rz; and Rz2 may be considered as Rr in Eqs. 13.8 and 
13.11, where the criteria of a stable amplifier and switch are given). 

Consider load line R;;. In this case there is a single intersecting point 
b which corresponds to the stable operating point of an amplifier. On 





Ry 
(Ry < Ra) 





Fig. 13,20. Load lines comparisons on tunnel diode characteristic curve. 
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the other hand, load line Pz» intersects the characteristic at three possible 
operating points, a, b, and c. Point b is unstable in accordance with Eq. 
13.11. However, points a and c lie on the positive slopes of the charac- 
teristic, and, as such, are stable operating points. 

Refer now to Fig. 13.21, which shows a simple bistable tunnel diode - 
switching circuit and its corresponding characteristic. The load line, 
Ry = Rr, intersects the voltage and current axes at V, and J;, respec- 
tively. Assume that the operating point is initially at a,. An increase 
of voltage to V2 will bring the operating point to az, where the load line 
moves parallel to itself. Now, if the voltage is increased gradually to a 
little above V3, the operating point moves along the characteristic to a3. _ 
From this point on it could follow the characteristic down the negative 
slope in a region of instability, or proceed along the load line to C3, which 
is a stable operating point. It prefers to assume the stable position, cg. 

The transition from a3 to cg occurs in approximately 10~° sec. Thus, 
an incoming positive pulse, capable of driving the bias voltage to V3, 
switches the operating point from a3 to cg. At the termination of the — 
positive pulse the operating point goes from cg to cy. 

If a negative pulse is now applied, shifting the bias to Vs, the operat- 
ing point will switch along the characteristic from c, to cs, and then to a5. 


(b) Characteristic curve 


Fig. 13.21. Path of operating points during switching is shown by arrows. 
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At the termination of the negative pulse, the operating point shifts from 
as to ay. 

The above is the basic process in tunnel diode switching, applications 
of which are found in relaxation oscillators and logic circuits. 


Summary 


The Fermi level defines the relative electron intensity, or potential of a 
material. In a junction, the Fermi level depends on the amount and 
type of bias applied. Tunneling is the apparent penetration of a barrier 
by an electron. Required conditions for tunneling are the presence of 
electrons on one side of the barrier and an empty state on the other side, 
at the same energy level. A portion of the tunnel diode curve exhibits a 
negative conductance, or resistance, characteristic. The mode of opera- 
tion of a tunnel diode circuit depends on the relative values of Rr, Ra, 
Lr, and C. 


Problems 


13.1 Explain what is meant by the Fermi level of a material. 

13.2 Justify the different positions of the Fermi levels in Fig. 13.1. 

13.3 Explain how the Fermi level in a junction varies with applied 
forward and reverse bias. 

13.4 Explain the tunneling effect. 

13.5 Describe the difference between the tunnel and conventional 
currents in a heavily doped junction. 

13.6 With the aid of energy levels, justify the four regions of the 
tunnel diode characteristic in Fig. 13.10. 

13.7 How is the figure of merit of a tunnel diode expressed? 

13.8 Why is a tunnel diode less temperature sensitive than a conven- 
tional diode? 

13.9 Prove that Eq. 13.7 is true for the parallel-connected circuit of 
Fig. 13.130. 

13.10 How does the “negative resistance” concept of oscillation differ 
from the Barkhausen concept? 

13.11 Define the criteria for the three modes of tunnel diode opera- 
tion in terms of Rr, Lr, Ra, and C. 

13.12 Calculate the values of Rr, R,, and Lr for the tunnel diode 
amplifier of Fig. 13.16. 
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13.13 Calculate the self-resonant frequency, f,, of a tunnel diode 
with the following values: 


L, = 0.25 mph 
C = 0.784 upf 
Ra = —55 ohms 


13.14 Make a sketch of a tunnel diode characteristic. If a load line 
is drawn tangent to either the peak or valley points, will the circuit act 
as a switch? Explain. 





Chapter 14 


Electrical Measurements 


of Diodes and Transistors 


One interesting and informative aspect of semiconductor technology is 
the determination of the electrical characteristics of a finished device. 
This is not only interesting in the theoretical sense, but of utmost prac- 
tical importance. From the electrical properties of the device knowledge 
is gained of material imperfections, device limitations, and other charac- 
teristics. 

Testing methods may be broken down into two broad categories: 


1. Testing and measurement of actual device parameters. 
2. “Go, No-Go” testing, which indicates if a device is acceptable to a 
particular specification. 


In this chapter emphasis will be placed on the determination of the 
absolute values of device parameters. It is through this kind of testing 
and measurement that the important properties of a semiconductor 
device are revealed. ‘Go, No-Go” testing is applicable to production- 
line operations, where all that is necessary is a visual indication to an 
operator. For example, if the operator sees a red light a device is re- 
jected; a green light indicates an acceptable unit. 


Static Electrical Characteristics 


Forward and Reverse Characteristics of a p-n Junction. When using 
a diode or transistor it is necessary to know its volt-ampere characteris- 
tics and reverse saturation current, Consider the characteristic curve 
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of a semiconductor junction diode, shown in Fig. 14.1. The current flow 
in a p-n junction is expressed by Eq. 2.7, which is repeated: 


Te Let ere =°J) (14.1) 


where J = diode current, amp 
Is = reverse saturation, or leakage current, amp 
V = voltage applied to the junction, volts 
T = absolute temperature, °Kelvin 


In review, if V is positive, the exponential term is dominant, and the 
curve in quadrant I of Fig. 14.1 is obtained. When V is negative, the 
diode current is essentially equal to the reverse saturation (leakage) 
current, Ig, up to the breakdown or Zener voltage of the device (qua- 
drant III). Referring again to quadrant I, we note that the forward 
current increases slowly until point 1 is reached. Beyond this point, the 
current rises rapidly for small voltage changes. The voltage correspond- 
ing to point 1 is, at room temperature, 0.2 to 0.3 volt for germanium and 
0.5 to 0.7 volt for silicon. 

The reverse current remains small and fairly constant as the reverse 
voltage is increased. Finally, a point is reached where the reverse cur- 
rent increases rapidly for small changes in applied voltage; this point is 
referred to as the breakdown or Zener point. Values of leakage current 
for germanium p-n junctions, at room temperature, vary from 0.1 X 









Forward-biased 
region 


(Zener) 
Breakdown 
voltage 


Ts 






Reverse- biased 
region 






Fig. 14.1. Volt-ampere characteristic of a p-n junction, 
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10~* to 10~* amp. The larger the junction area, the greater the reverse 
saturation current. Leakage current for silicon ranges from 10~° to 
10~* amp, increasing with size of the junction area. Because of the small 
magnitudes involved, leakage current is generally determined by making 
a voltage measurement across a known resistor and then solving for 
Is = E/R. 

The characteristic curve of a p-n junction (Fig. 14.1) may be obtained 
by point-to-point d-c measurements, or it may be automatically displayed 
on a curve tracer. The point-to-point 
method will first be considered. Figure 14.2 
shows a basic circuit for measuring the for- 
ward characteristics of a p-n junction. For 
this measurement, it is desirable to feed the 
device under test from a constant current 
source. Ifa voltage source were used instead, 
the current through a forward-biased p-n 
junction could rise excessively and result 
in destroying the device. In practice, the Fig. 14.2. Circuit for 
ideal current source is approximated by a measuring the forward 
voltage source in series with a high-value chavneaaetne ot 8" pet 

A oe. Wadler F junction. 
resistor. This is illustrated in the figure 
by battery Vp in series with resistor, Rp. 





EXAMPLE 14.1. It is desired to measure the forward characteristic of a 
silicon diode. For a forward current of 1 ma, find the values of Rp and 
Vp which simulate a current source. 

Solution. The voltage drop across a forward biased silicon diode is 
in the order of 0.7 volt. The diode forward resistance is, therefore, 


0.7/0.001 = 700 ohms 


To simulate a current source, resistor Rp is made at least 10 times greater 
than the forward resistance of the diode. Hence, for Rp: 


Rp = 10 X 700 = 7K 
The voltage required is 
Vp = 0.7+7K X 1 ma = 7.7 volts 


At higher values of forward current, the circuit approaches an ideal con- 
stant current source. For example, when the forward current is 100 ma, 
the forward diode resistance is approximately 


0.7/0.1 = 7 ohms 
Rp = 7000 ohms > 7 ohms 
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Vpp 


(a) 


Ecc Varta 


(b) (c) 

















Fig. 14.3. Circuits for measuring leakage current for (a) diode; (6) collector-base 
diode current Ico of a p-n-p transistor; (c) emitter-base diode current Izo0 of an 
n-p-n transistor. 


Referring again to Fig. 14.2, we see that voltmeter Vr is connected 
across the diode, and ammeter /, is in series with the diode. The voltage 
source, Vp, is varied and readings of Jp and Vp taken. A number of 
points are thus obtained and plotted. The result is the forward charac- 
teristic of a diode (Fig. 14.1). 

Figure 14.3 illustrates the circuits used for measuring the reverse satu- 
ration (leakage) current of a diode and the collector-base and emitter- 
base junctions of a transistor. In all cases, resistor R is included in the 
circuit to limit current flow through the device. One significant differ- 
ence between the circuit of Fig. 14.2 with that of Fig. 14.3 is the relative 
position of the voltmeter and ammeter. In Fig. 14.3, ammeter I is con- 
nected so that it does not read the current flowing through voltmeter, V, 
The voltmeter has a finite resistance which may be comparable to the 
back resistance of a diode. If the voltmeter were connected across the 
diode, the meter would contribute to the current flowing through the 
ammeter. In Fig. 14.2, on the other hand, the voltmeter is connected 
directly across the diode. This connection avoids the voltmeter re 
the voltage drop across the ammeter, which can be in the order of 
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voltage drop across a forward biased diode. While these differences may 
appear to be minor, their effects must be eliminated to ensure accurate 
results. 

Because the transistor can be thought of as ‘‘two diodes back to back” 
(see Chapter 9), the circuits of Fig. 14.3b and c are used to obtain the 
reverse characteristics of a transistor. In (b), the reverse saturation cur- 
rent, Jco,ismeasured. The circuit of (c) is used to determine the reverse 
current, zo, in the emitter-base junction. 

Additional Transistor Leakage Currents. In addition to the leakage 
currents Ico and Jo, there are other reverse currents which are im- 
portant to transistor action. Consider the common-emitter circuit of 
Fig. 14.4. Input terminals, XY, may be (1) unconnected (switch open) 
or (2) shorted (switch closed). 

If input terminals XY are unconnected (switch open), the current 
flowing is: 

Ico 
1 — hy 


where [czo = reverse saturation (leakage) current for a transistor in the 
CE connection, base open 
Ico = reverse saturation current for a transistor in the CB con- 
figuration 
hy» = forward current gain for a transistor in the CB configura- 
tion 





Tcro = (14.2) 


The leakage current for a transistor in the common emitter connection 
is always greater than in the common base configuration. 


EXAMPLE 14.2. Ico =] ba, hyp = 0.95. Find Icro.- 
Solution. Substituting the values in Eq. 14.2: 


Icro = = 20 Ma 


1 — 0.95 
This current is 20 times greater than I¢9 = 1 ya. 
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If input terminals XY are now shorted (switch closed), the current 
flowing is 


soo (14.3) 


1 — anyayz 





Ices = 


where Jczs = leakage current for a transistor in the CE connection, base 
shorted to emitter 
ay = normal current gain of a transistor in the CB connection. 
This is identical to hyp. 
ay = the inverse common base current gain. Here, the collector 
takes the role of an emitter and the emitter becomes the 
collector. 


Values of cys is approximately the same as Jo. 


EXAMPLE 14.3. Ico = 1 pa, ay = 0.95, and ay = 0.2. Find Jczs. 
Solution. Substituting the values in Eq. 14.3: 


1 


———— = 1.23 va 
1 — 0.95 X 0.2 


Icus = 


Curve Tracer 


The point-to-point method used for obtaining characteristic curves is 
time consuming. It is possible to display the forward or reverse charac- 
teristics of a p-n junction, automatically, on the face of a cathode-ray — 
tube. The basic circuit for such an instrument, called a curve tracer, 
is shown in Fig.1 4.5. 


R, A_ Horizontal 
No o O 









_ Y Dur 


a-c O- 
Vertical 


Rs 








Common 


Fig. 14.5. Basie circuit of a curve tracer, 
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ts 
Ecc 





0 Vp 
(a) (6) 


Fig. 14.6. Typical (a) collector characteristics and (b) input characteristics for a 
C.E. connected transistor. 


An a-c voltage is rectified by diode D, in a half-wave circuit. Diode D, 
conducts for the shown polarity across transformer winding, No. The 
diode under test, Dy7, is therefore back biased, and reverse current flows 
through the diode and resistor, Rs. The developed voltage across Rs, 
which is proportional to the reverse current through Dy, is applied to 
the vertical plates of a CRT. The voltage across Dur is directly applied 
to the horizontal plates and the reverse characteristic curve of a diode is 
obtained (Fig. 14.1). In place of a diode, the collector-base, base- 
emitter, or the collector-emitter leads of a transistor may be connected 
across points AB. The resulting curve obtained for either of these con- 
nections will be similar to that of a diode. 

For obtaining the forward characteristics of a p-n junction, the posi- 
tions of diode D, and resistor Rz, (which serves to limit current) are 
switched in the circuit. Diode D,; now conducts when the top of trans- 
former winding N» is positive. The device under test becomes forward 
biased and the forward characteristic obtained. 


Transistor Static Curves 


The collector family of curves (Fig. 14.6a) and the input characteris- 
tics (b) may be obtained by point-to-point measurements or with the aid 
of a curve tracer. The point-to-point method will first be considered and 
the circuit of Fig. 14.7 can be used for the collector or input characteris- 
tics of a transistor. 
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Fig. 14.7. Circuit for obtaining the static characteristics of a transistor. 


To get the collector characteristics, Epp is first set to zero (Ip = 0) 
and Kc varied from zero to a value below voltage breakdown. This 
results in curve [zg = 0 of Fig. 14.6a. Hp is now increased to cause a 
flow of base current, /y;. Ecc is varied again and J¢ and V¢ are plotted 
to yield a second member curve, /;;. This is repeated for other values 
of base current and the complete collector family of curves is generated. 

To obtain the input characteristics, Hgc is fixed at some chosen value 
and base current, Zz, varied. For different values of base current, the 
base-emitter voltage, Vz, is noted and the points plotted as a curve. 
Another value of Hg¢ is chosen and the procedure is repeated. 

A simple curve tracer for displaying the collector characteristics is 
illustrated in Fig. 14.8. One significant difference between this circuit 
and the diode curve tracer of Fig. 14.5 is that provision is made for in- 
jecting base current to the transistor, 77, under test. In the circuit of 
Fig. 14.8, this is accomplished by varying the voltage source, Zz3. Com- 
mercial curve tracers make use of a stazrcase generator, which produces 
discrete steps of base current. This results in an automatic display of 
the complete collector family of curves. 


© Vertical 








“Staircase” 


Common 
waveform 


> © Horizontal 


Fig. 14.8. Simple curve tracer for transistors. 
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Measuring the Hybrid Parameters 


In the discussion of equivalent circuits for the transistor in Chapter 7, 
the hybrid parameters were derived. The hybrid parameters may be de- 
fined for the common emitter configuration, as follows: 











y 

he eae (14.4) 
Ty lv.=0 
I, 

hye -—~ (14.5) 
Ty lv-=o0 
I, 

hoe = — (14.6) 
Ve lm=o 
V 

age (14.7) 
V. Ip=0 





In measuring these parameters, it is important to use a low-amplitude 
signal to avoid overloading the transistor. This ensures linear operation. 

Determination of h;-. Consider Tig. 14.9. A 1000-cps sine wave is 
applied to the transistor under test, 7'y7, through coupling capacitor C, 
in series with resistor Rg. The 1000-cps signal is a standard used for 
finding the low-frequency hybrid parameters. The value of Rg is much 
greater than the input resistance of the transistor. This makes the sine- 
wave generator appear as a constant current source. Resistor Ry and 
battery Lge provide the operating d-c bias for the transistor. Inductor 
L offers a high impedance to alternating current, but allows the bias 
current to flow unhindered to the base. Capacitor C2 acts as a short to 
the a-c signal in the emitter circuit. V, and V, are a-c meters. 





Fig. 


14.9. Circuit for measuring hie. 
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Equation 14.4 states that the forward input resistance, h,- is deter- 
mined with the collector voltage, V. = 0. This infers that the output is 
a-c short circuited. This is accomplished by capacitor C3, which is suffi- 
ciently large to present a reactance of approximately zero ohms to the 
1000-cps test signal. The steps required for measuring h;- are: 


1. The d-c operating (quiescent) point is established. 
2. A small amplitude 1000-cps signal is applied to the input. The 
alternating current in the base is 


Ve — Vo 


I 14.8 
b Rp (14.8) 
3. The input resistance, he, is, therefore, 
Vo 
hie (14.9) 
Ip 


EXAMPLE 14.4. For a transistor measured in the test circuit of Fig. 
14.9, Vp = 0.3 volt, V, = 2.3 volts, and Rg = 10K. Find hie. 
Solution: 





2.3 — 0.3 
>» = ———— = 0.2 ma 
10K 
0.3 
he = = 15K 
0.2 ma 


Determination of hy... Equation 14.5 states that the forward current — 
gain, h,e, is equal to the ratio of J,/Z, with V, = 0, that is, short-circuited 
to an a-c signal. The circuit used for this measurement is shown in Fig. 
14.10. It is similar to the circuit used for determining h;-, with the addi- 
tion of meter V, for measuring collector current, J,: 
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Ve 


== 14.10 
Ry (14.10) 


c 


Current J, is determined from Eq. 14.8. 


EXAMPLE 14.5. A transistor in the test circuit of Fig. 14.10 produces the 
following meter readings: Vz, = 0.3 volt, V, = 2.3 volts, and V, = 5 
volts. Resistor Rg = 10 Kand Ry; = 1K. Find hy. 


Solution: 
2.3 — 0.3 
I, = ——— = 0.2 ma 
10K 
5 
I, =— = 5ma 
1K 
5 
Therefore, hte = — = 25 
0.2 


Determination of h,... According to Eq. 14.6, hoe is the ratio of [./V, 
with J, = 0. This implies that the base of the transistor must ‘‘see”’ 
an open circuit to a-c. Referring to Fig. 14.11, inductor L is made 
to resonate with capacitor C. At the resonant frequency, the impedance 
of a parallel LC circuit approaches infinity. Thus, the base is made to 
“See”? an open circuit. 

The a-c test signal is coupled through C; to the collector of the tran- 
sistor. Resistor R serves to prevent shorting the a-c signal. The col- 
lector current, [,, is 

Vz—V- 


14.11 
Ro (14.11) 


I, 





Fig. 14.11. Circuit for measuring hoe. 
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The output admittance, h,., is, therefore, 


Noe = — 14.12 
v, (14.12) 


EXAMPLE 14.6. For a transistor in the test circuit of Fig. 14.11, V. = 
10 volts, Vz = 10.1 volts, and R. = 10 K. Find hy. 





Solution: 
OT Ss tg 5, 
= am 
10K 3 
10~> 
Therefore hoe = 0 = 10~° mho 


Determination of h,,.. Equation 14.7 states that the reverse voltage 
transfer ratio, h,e, is the ratio of V,/V. with the base current, J, = 0. 
The test circuit, shown in Fig. 14.12, is similar to that of Fig. 14.11. The 
reverse voltage transfer ratio is determined as 


Vo 


hre 
Ve 


(14.13) 


EXAMPLE 14.7. For a transistor in the test circuit of Fig. 14.12, V, = 0.1 
volt and V, = 10 volts. Find hye. 
Solution: 


0.1 
hre = — = pi 
10 





Fig. 14.12. Circuit for measuring Aye. 
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Transistor Frequency Response 


The above discussion was limited to the measurement of low-frequency 
h-parameters and the static characteristics. One important property of 
transistors, frequency response, will now be considered. 

The alpha cutoff frequency, f., has been defined as the frequency where 
hy» decreases —3 db from its low-frequency value. The measurement of 
fa is relatively easy to perform for frequencies below 50 mec. For higher 
frequencies, other techniques are required. Modern methods employ an 
extrapolative process and define a frequency, fr, at which the magnitude 
of Ay, is unity (or 0 db). 

Consider Fig. 14.13, where the magnitude of hy, is plotted as a func- 
tion of frequency. Initially, the current gain is relatively constant as 
frequency increases. [Tor further increase in frequency, h,. begins to fall 
off at a constant rate. This rate of fall takes place at —6 db/octave. 
This means that hy, decreases by 6 db as the frequency is doubled. For 
example, if hy, = —2 db at 30 me, at 60 me, its value is —2 + (—6) = 
—8 db. 

A measurement, at point 1, corresponding to frequency f;, is made of 
the forward current gain hs.() in the —6 db/octave portion of the curve. 
The frequency where the forward current gain is unity is 


fp = fy X hyper) (14.14) 


[Agel 


db 






fea) 
—6 db/octave 


f fr 
Log frequency (mc/sec) 


Fig. 14.18. Variation of magnitude of hy, with frequency. 
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Appendix | 


Summary 














By using relatively simple test circuits, it is possible to measure the 
static characteristics of diodes, and transistors, and the h-parameters of a 
transistor. The frequency where the magnitude of hy, is unity, fr, is 
found by extrapolation from a measurement made at a lower frequency. 
Commercial test equipment combines the various test circuits into a 
single unit. 


Some Physical Units 





and Their Values * 


Problems 


14.1 A box contains both germanium and silicon diodes. Describe 
two simple tests which will permit you to identify the diodes. 

14.2 A measurement is made of the forward characteristic of a germa- 
nium diode. For a forward current of 0.5 ma, find the values of the bat- 


: f J Charge of an electron, e 1.6 X 10—!8 coulomb 
tery and series resistor needed to simulate a constant current source. ; igh 
143 Explain the diff b as 3 d Planck’s constant, h 6.6 X 107% joule-sec 
; : xplain tl e erence between normal current gain, ay, an Boltzmann’s constant, k 1.4 X 10-8 joule/°K 
inverse current esa es : fs Velocity of light, c 3 X 108 meter/sec 
14.4 Draw a circuit of a simple curve tracer for obtaining the forward Angstrom, A 10-" meter 
characteristic of a diode. Electron volt, ev 1.6 X 10—'9 joule 


14.5 In the circuits used for measuring hybrid parameters, explain 
how short and open circuits to an a-c signal were realized. 

14.6 In the circuits used for measuring hybrid parameters, explain 
how the d-c bias for the transistor under test was obtained. 

14.7 Explain how staircase generators are made and operate. (Hint: 
Refer to periodicals and other sources. ) 

14.8 Draw a test circuit for the determination of h,, the forward 
current gain for a transistor in the common-base configuration. Justify 
all components and meters you show in the circuit. 

14.9 Repeat Prob. 14.8 for determining hy. 

14.10 Repeat Prob. 14.8 for determining hyp. 

14.11 Repeat Prob. 14.8 for determining h,.». 

14.12 The magnitude of hy, is 5.5 at a frequency of 30 mc. Find fy, 
How would you verify your answer in the laboratory? 


Standard Letter Symbols 


In this book, wherever possible, standard letter symbols have been 
used in the equations and circuit diagrams. For a complete list of sym- 
bols and their definitions, the reader is referred to the Proceedings of the 
IRE, Vol. 44, No. 7, July 1956, pp. 934-937. 


Double Subscripts 


Consider the four-terminal network of Fig. Al. The relationship 
among the voltages and currents may be expressed by the following 
equations: 

Ey = (R, + Ro), + Role (Al) 


Hy = Rely + (Ro + Rz)I2 (A2) 
* The values are rounded off to the nearest decimal place. 
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Fig. Al. Four terminal network. 


Let 

(R; + Re) = 711, the self-resistance (or impedance) of mesh 1 

(Ry + R3) = reg, the self-resistance (or impedance) of mesh 2 

Rz = r12 = 121, the mutual resistance (or impedance) between meshes 
1 and 2 


Substituting these quantities in Eqs. Al and A2, one obtains: 


Ey = mil, + rele (A3) 
Hg = rail, + reel (A4) 


The first numeral of the subscript indicates the effect and the second 
numeral, the cause. For example, the subscript of 7; expresses that the 
voltage across the self-resistance of mesh 1 is the result of current J. 
The subscript of r,2 states that the voltage across the mutual-resistance 
shared by mesh 1 is caused by current J, flowing in mesh 2. The above 
reasoning also applies to the terms of Eq. A4. 

The forms of Eqs. A3 and A4 apply to any number of meshes. In 
active networks, the mutual resistance terms are generally unequal. 
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Collector characteristics, common emitter 
(Constant base voltage) 
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Vog, collector-emitter voltage, volts 


Note: The base voltage, Vz, is the parameter instead of base current. 
turers occasionally present their curves in this manner. 
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Input current versus poe voltage 













I,, base current, milliamperes 





Vig, base-emitter voltage, volts 
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Typical collector characteristic 
Type 2N1199 
Grounded emitter 

= 25°C 
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Epitaxial base 
Epitaxial emitter 


5 
8 
3 
& 
& 





Collector characteristics 2N1208 
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Appendix II 


Answers to Selected 


Numerical Problems 


Chapter 1 
1.7 f = 2.47 < 10" cps 
1.8 = 4.12 x 10-8 meter = 412A 
Chapter 2 
2.2 holes: Vg = 1.7 X 10° cm/sec 
electrons: Vg = 3.6 X 10° cm/sec 
Chapter 3 
3.5 (a) Erms = 445 volts 
(b) PIV = 630 volts 
(c) 1N2366 
Chapter 4 
4.3 Rin = 77 ohms 


Chapter 7 
7.9 A, = 19.4 
R; = 50.54 ohms 
Chapter 8 
8.3 (a) P, = 33.1 ma 
(b) A; = 36.7 
(c) Ap = 2610 


8.7 (a) R = 314 ohms 
(b) IT = 0.9 ma rms 


1.10 #H = 10.2 ev 


2.9 Ty = 2.2 X 10‘ sec 
2.10 Dp, = 44.6 cm?/sec 


3.9 (a) Vz = 3.9 volts 
3.10 £; can vary from 21 to 25 volts 
3.12 R, = 6.8 ohms 


Chapter 5 


5.3 (a) Prtotar = 20.05 mw 
5.4 (a) p-n-p Ge: fa = 7.2 me 
n-p-n Ge: fa = 15.1 me 


A; = —0.98 Ay - pt } 


Ro = 685K 


8.6 (a) Jp = 0.95 ma 
(6) Ver = 5 volts 


88 A, =54 


Chapter 9. 

9.1 500K 

9.8 (a) Ry = 71.3 ohms 
(b) Re = 17.6K 

Chapter 10 


10.4 R; = 1240 ohms 
10.5 fa = 10° cps 
10.10 (a) —6 db 
(b) 14 db 
(c) 54 db 
10.11 (a) Avy = —667 
(b) fis = 17.7 eps 
(c) fuy = 24 ke 


Chapter 11 

11.30 f = 3.57 me 
114 f =1.1me 
Chapter 12 


12.2 (a) 10010 
(b) 11111 
(c) 1010101 
(d) 1111011 
(e) 110110000 


Chapter 13 


Appendix IT 271 


9.9 Rr = 5K; Ry = 188 ohms 


9.12 64 = 2.35°C/watt 
10.13 (a) B = 1/25 
(b) Aes = —20 
(c) Bin = 0.5 volt rms 
10.16 (a) Ais = —715 
(b) Ary = —600 
10.17 (a) f, =16 me 
(b) C = 10 puf 
11.11) @) Bmin = 40 
(b) C = 71.4 ppf 
12.3 (a) 10 
(b) 21 
(ce) 215 
12.8 N = 20 
12.9 N = 12 
12.10 N =9 


13.12) Ry = 119 ohms; Ry = 17 ohms; L7 is less than 0.085 ph 


13.18 f, = 12 gc 
Chapter 14 


14.2 Rp = 6K; Vp = 3.3 volts 


14.12 fr = 16.5 me 




















~~ 








Index 


Acceptor, 7 
Alloy junction transistor, 89 
Alloy transistor, diffused, 93 
Alpha, 64 
inverse, 252 
normal, 252 
Alpha-cutoff frequency, 76, 160, 259 
A-M demodulator, 37 
Amplifier, tuned, 176 
Amplifiers (audio), 153 
bandwidth, 157 
cascading stages, 156 
current gain, 108 
direct-coupled, 156 
input resistance, 108 
load line, 128, 160 
open-loop gain, 173 
operation, Class A, 153 
Class B, 153 
Class AB, 155 
Class C, 155 
output resistance, 108 
push-pull, 164 
r-c coupled, 157, 158 
single-ended, 162 
transformer coupled, power, 161 
untuned, 176 
AND gate, diode, 44, 205 
Arithmetic unit, see Digital computer 
Arsenic, 5 
Astable multivibrator, 193 
Atom, 1 
Bohr, 9 


Atom, uncovered, 21 
Avalanche, 44, 48 
breakdown, 68 


Backswing, 196 
Bandwidth, audio amplifier, 157 
Barkhausen criterion, 185 
Base, number, 202 

transistor, 63 
Base-spreading resistance, 77, 78 
Biasing transistors, 139 
Bilateral device, 179 
Binary, see Bistable multivibrator 
Binary number system, 202 
Bistable device, 204 
Bistable multivibrator, 206, 208, 215 
Black body, 8 
Blocking oscillator, astable, 196 
Bohr atom, 9 
Boolean algebra, 205 
“Built-in” field, 94 


Capacitances, transistor, 76, 78 
Carrier, current, 14 

lifetime of, 27 

majority, 18 

minority, 18 

mobility, 16, 26 
Cascading amplifier stages, 156 
“Cat’s whisker,” 38 
Characteristic curves, meaning of, 121 
Charge, electric, 3 
Collector, transistor, 63 
Collector circuit efficiency, 155 
Collector dissipation, 74 





274 Index 


Collector family of curves, 123 
Colpitts oscillator, 186 
Common-base amplifier, 103 
Common-collector amplifier, 103 
Common-emitter amplifier, 102 
Commutating capacitor, 217 
Complementary symmetry, 168 
Conduction band, 11 
Conductivity, 18 

n-type material, 18 

p-type material, 18 
Conductor, 4, 11 
Constant-current source, 249 
Control unit, see Digital computer 
Counter, see Digital computer 
Covalent bond, 5 
Crossover distortion, 165 
Crystal, growing, 85 

purification, 83 

seed, 85 

single, 85 
Crystal oscillator, 188 
Current feedback stabilization, 143 
Current gain, amplifier, 108 

graphical determination of, 130 
Curve tracer, 252 
Czochralski process, 85 


Dalton, J., 8 
Decay time, 198, 216 
Decibel, 167 
Decimal number system, 202 
Democritus, 8 
Demodulator, a-m, 37 
Derated zone of operation, 75 
Detector, video, 39 
Diffused alloy transistor, 93 
Diffusion, 26, 76 
Diffusion length, 27 
Diffusion-type transistors, 92 
Digital computer, arithmetic unit, 201 

block diagram, 202 

control unit, 202 

counter, 207 

input unit, 201 

memory unit, 202 

output unit, 201 

program, 202 

shift register, 207 

word, 207 


Diode, applications, 39 
characteristic curve, 24, 25 
classification, 29 
equation, 25, 248 
equivalent resistance, 62 
forward recovery time, 42 
general purpose, 29 

‘junctions, 20 

microwave mixer and detector, 38 

mixer, 30 

radio-frequency, 30 

recovery time, 30, 42 

rectification properties, 27 

rectifier, 29 

regulator, 30 

reverse leakage current, measure- 
ment of, 250 

reverse recovery time, 42 

rules for biasing, 23 

special purpose, 29 

switching, 30, 42 

symbol of, 25 

variable capacitor, 30 | 

Diode AND gate, 44, 205 

Diode OR gate, 44, 205 

Diode-transistor logic, 207 

Direct-coupled amplifier, 156 

Discharge time, 193 

Distortion, crossover, 165 

Donor, 6 

Doping, 4 
impurities, 4 

Double-diffused transistor, 93 
mesa, 96 
planar, 96, 97 

Drift current, 26 

Drift effect, 94 

Drift transistor, 94 ‘ 

Drift velocity, 16 

Duality, particle-wave, 12 

Duodecimal system, 202 

Dynamic characteristics, transistor, 

132, 133 
Dynamic response, transistor, 216 


Electric field, 21 
Electrochemical transistor, 90 
Electron, 1 

cloud, 11 

free, 6 


Electron, sharing, 5 
valence, 4 

Electron-hole pairs, 14 
Electron-volt, 9 
Elements, chemical, 1 
Emitter, transistor, 63 
Emitter follower, see Common-collec- 

tor amplifier 
Emitter injection efficiency, 68 
Energy band, 11 
Energy gap, 11 
Energy levels, 10 
Epitaxial transistor, 97 
Esaki, L., 230 
EXCLUSIVE-OR circuit, 219 


Sp 259 
Fall time, 216 
Feedback (negative), 169 
bandwidth, 171 
current gain, 171 
distortion, 171 
input resistance, 172 
instability, 170, 173 
noise, 171 
Nyquist criterion, 173 
output resistance, 172 
voltage gain, 170 
Feedback (positive), 185 
Fermi level, 222 
Fixed bias, transistor, 140 
Flip-flop, see Bistable multivibrator 
Float zone refining, 85 
Forward bias, transistor, 60 
Forward current, transistor, 60 
Forward current gain, measurement of, 
256 
Four-terminal network, 103 
Free-running multivibrator, see Asta- 
ble multivibrator 
Fused alloy junction transistor, 90 


Gain-bandwidth product, 78 
Gallium, 86 
Germanium, 4 

intrinsic monocrystalline, 83 
Getter, 95 
Grown junction transistor, 86 


Half-power points, 158 
Hartley oscillator, 186 
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Heat. sink, 73 
Hole, flow, 7 
storage effect, 54 
Hybrid equivalent circuits, 111 
for common-base, 112 
for common-collector, 113 
for common-emitter, 113 
Hybrid parameters, 111 
graphical determination of, 125, 126, 
127 
Hydrogen atom, energy levels of, 10 


Indium, 6 

Inhibit circuit, 206 

Input resistance, amplifier, 108 
transistor, measurement of, 255 

Input unit, see Digital computer 

Insulator, 4, 11 

Internal feedback, 173 

Interstage coupling, tuned amplifier, 

178 

Intrinsic conductivity, 14, 17 

Intrinsic semiconductor, 14 

Ions, 3 


Junction, diode, 20 
with forward bias, 22 
with no bias, 21 
with reverse bias, 23 
Junction temperature, transistor, 148 


Lifetime, carrier, 27 

Limiter, diode, 37 

Load line, amplifier, 128 
static and dynamic, 160 

Logic building blocks, 205 

Logic loading rules, 212 


Majority carrier, 18 
Masking techniques, 98 
Measurement of diode reverse leakage 
current, 250 
Measurement of transistor parameters, 
250 
forward current gain, 256 
input resistance, 255 
output admittance, 257 
reverse leakage currents, 251 
reverse voltage ratio, 258 
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Memory unit, see Digital computer 
Mesa transistor, 95 
Minority carrier, 18 

storage effect, 43 
Mobility, carrier, 16, 26 
Modulator, diode, 38 
Monostable multivibrator, 196 
Multivibrator, 193 

astable, 193 

bistable, 206, 208, 215 

monostable, 196 


n-p-n transistor, 62 

n-type semiconductor, 4, 5, 6 

Negative feedback, 169, 175, 186 

Negative resistance, tunnel diode, 
231 

Negative temperature coefficient, 148 

Neutralization, 179 

Neutron, 2 

Nonsinusoidal oscillator, 184, 192 

NOR logic, 213 

NOT circuit, 206 

Nucleus, 1 

Nyquist criterion, 173 


Octal number system, 219 
One-shot multivibrator, see Monosta- 
ble multivibrator 
Open-loop gain, 173 
OR gate, diode, 44, 205 
Oscillator (nonsinusoidal), 184, 192 
Oscillator (sinusoidal), 184 
Colpitts, 186 
crystal, 188 
Hartley, 186 
negative resistance, 237 
phase shift, 186, 190 
Pierce, 199 
tuned circuit, 186 
Output admittance, transistor, meas- 
urement of, 257 
Output resistance, amplifier, 108 
Output unit, see Digital computer 
Overcurrents, 36 
Overvoltages, 36 


p-n-p transistor, 62 
p-type semiconductor, 4, 6 
Parallel gate, 220 


Parameter, transistor, definition of, 121 
Parameter conversion, h- to r-, 115 
Passivation, 96 
Peak inverse voltage, 31 
Pentavalent, 5 
Phase shift oscillator, 186, 190 
Phosphorus, 86 
Photon, 8 
Photoresist, 99 
Pierce oscillator, 199 
Piezoelectric effect, 188 
Planar transistor, 96 
epitaxial, 98, 100 
Planck, M., 8 
Polycrystalline material, 85 
Positional number system, 202 
Positive feedback, 185 
Potential hill analysis, transistor, 70 
Power gain, amplifier, 108 
maximum available, 77 
Power output, amplifier, graphical de- 
termination of, 131, 163 
Punchthrough, 69 
Push-pull operation, 164 
Program, see Digital computer 
Proton, 1 


Q, of coil, 178 

Quanta, 8 

Quartz, 188 

Quiescent operating (Q) point, 129 
collector current, 138 
collector voltage, 138 
voltages and currents, 129 


r-equivalent-tee circuit, 107 
RC coupled amplifier, 157 
equivalent circuit of, 158 
Radix, see Base, number 
Rate-grown junction transistor, 87 
Recombination, 27 
Recovery time, diode, 30, 42 
Rectangular waveform, 195 
Rectifier, circuits, 32, 33 
parameters, 31 
temperature effects, 31 
Reference element, 51 
parameters, 54 
Reflected load resistance, 163 
Resistance (7) parameters, 105 





Resistivity, 17 

Resonant cireuit, 177 

Reverse breakdown effects, 45 

Reverse carrier hole storage effect, 54 

Reverse current, 60 

Reverse saturation current, transistor, 
142, 151 

Reverse voltage ratio, transistor, meas- 
urement of, 258 

Rise time, transistor, 193, 216 

Rutherford, Lord, 8 


Saturated reverse current, 23 
Saturation voltage, 193 
Seed, crystal, 85 
Segregation coefficient, 88 
Self-bias, transistor, 140 
Semiconductor, 4, 11 
Shift register, see Digital computer 
Shunt regulator, diode, 50 
Silicon, 4 
Silicon-diffused transistor, 94 
Single crystal, 85 
Single-ended amplifier, 162 
Sinusoidal oscillator, 184 
Slope of curve, 123 
Square waveform, 193, 195 
Stability factor, 8S, 142 
current feedback, 143, 144 
no compensation, 144 
voltage feedback, 147 
Stabilization, transistor, 143 
current feedback, 143 
voltage feedback, 145 
Staircase generator, 254 
Static characteristics, p-n junction, 247 
Storage capacitance, 54 
Storage effect, minority carriers, 43 
Storage time, transistor, 216 
Substrate, 97 


Tank circuit, see Resonant circuit 

Temperature considerations, 142 
derating curve, 150 

Testing methods, 247 

Tetravalent, 5 

Thermal equivalent circuit, transistor, 

148 
Thermal resistance, 148 
Thermal runaway, 142 
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Thermistor, 148 
Time constant, 192 
Transfer characteristics, 121 
Transfer efficiency, 68 
Transformer-coupled power amplifier, 
161 
Transistor, n-p-n, 64 
p-n-p, 66 
Transistor (types of), 86 
alloy junction, 89 
diffused alloy, 93 
double-diffused, 93 
mesa, 96 
planar, 96, 97 
drift, 94 
electrochemical, 90 
epitaxial, 97 
fused alloy, 90 
grown junction, 86 
mesa, 95 
planar, 96 
epitaxial, 98, 100 
rate-grown junction, 87 
silicon diffused, 94 
Transistor amplification, 65 
Transistor breakdown, 68 
avalanche, 68 
punchthrough, 69 
Transistor classification, 72 
audio-frequency, 75 
power, 72 
maximum ratings, 74 
temperature considerations, 72 
radio-frequency, 75 
switching, 79 
Transistor current gain, 67 
Transistor elements, 63 
Transistor equivalent circuits, 106, 107, 
111, 113 
Transistor frequency response, 259 
Transistor junctions, 62, 86 
Transistor power dissipation, 72 
Transistor reverse leakage current, 
measurement of, 251 
Transistor static curves, 253 
Transistor symbols, 66 
Transistors vs. vacuum tubes, 102 
Transit delay, transistor, 216 
Transit time effect, transistor, 76 
Trivalent, 6 


a, ae ee) ee - 2 sattacstaent ct 





278 Index 


Tuned amplifier, 176 
interstage coupling, 178 
Tuned-circuit oscillators, 186 
Tunnel diode characteristics, 230 
forward-point, 231 
insertion power gain, 235 
negative conductance, 233 
negative resistance, 231 
peak point bias, 231 
peak point current, 231 
peak-to-valley-ratio, 233 
self-resonant frequency, 240 
speed, 234 
temperature dependence, 234 
valley point bias, 231 
valley point current, 231 
Tunnel diode currents, 228 
Tunnel diode equivalent circuit, 234 
Tunnel diode modes of operation, 237 
amplifier, 238, 239 
parallel-connected, 235 
series-connected, 235 
converter, 242 
oscillator, 240 
switch, 248, 244 
Tunneling, 228 


Uncovered atoms, 21 
Unilateral device, 179 
Untuned amplifier, 176 


Valence band, 11 
Valence electrons, 4 
Variable capacitor diode, 54 
cutoff frequency, 55 
equivalent circuit, 55 
parameters, 55 
variation with voltage, 55 
Video detector, 39 
Voltage feedback, 170 
Voltage feedback stabilization, 145 
Voltage gain, amplifier, 108 
graphical determination of, 129 
Voltage reference circuit, 51 
Voltage regulator, a-c, 51 


Wave picture of atom, 12 
Word, see Digital computer 


Zener action, 48 

Zener breakdown voltage, 48 
Zener effect, 48 

Zener voltage, 30 

Zone refining, 84 


